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The merging of metal oxides and polymers has a number of interesting potential applications that 
rely on the wettability, optical, and electronic properties of the surface.  One challenge in the 
fabrication of these dissimilar materials is that the heat often used to create oxide nanostructures 
results in the thermal decomposition of the polymer.  This requires creative approaches to 
successfully merge these materials.  Many current approaches involve the separate creation of 
metal oxide nanostructures, followed by some process of embedding them in an uncured 
polymer.  Previous work has shown that ion beams have been used to sputter deposit metals, 
pattern polycrystalline metals, controllably oxidize metal surfaces, and induce chemical changes 
in the surfaces of polymers.  Presented here is a single step technique that draws on these, 
utilizing dual ion beams to deposit, oxidize, and pattern Zn on Si and PDMS. 
 
Two ion beams are installed in a perpendicular configuration, with one normal to the substrate 
surface and the other parallel.  The parallel beam passes over the substrate and impinges on a Zn 
target, sputter depositing the material onto the substrate.  Simultaneously, the normal incidence 
beam impinges on the substrate surface, imparting energy and sputtering both the substrate 
material and the deposited Zn.  The effects of changing the ion beam flux ratio (0.1-2.0), energy 
(500 eV and 1000 eV), species (Ar+ and O2+ for substrate irradiation, Ar+ for sputter deposition), 
and fluence (1E17 ions/cm2 and 5E17 ions/cm2) are examined.  These factors allow for the 
comparison of different deposition rates, chemical effects, and surface evolution stages in the 
synthesis of these functionalized surfaces.  Surfaces are characterized by several ex-situ 
techniques: topography (AFM), chemistry (XPS), and wettability (static contact angle). 
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This technique has yielded a number of interesting surfaces.  On Si, the formation of nanodots is 
seen under many processing parameters.  These dots have no ordering, but their size (~20-100 
nm diameter) and spatial density (1-100’s um-2) can be controlled by the flux ratio and ion 
energy.  The codeposition on Si at higher total fluence is also shown to induce ripples in the Si 
surface in addition to the formation of nanodots, as is expected from normal incidence irradiation 
with the presence of small amounts of surface impurities.  XPS has shown that the flux ratio can 
finely tune the amount of Zn deposited on the surfaces.  On PDMS, all cases of irradiation, both 
with and without codeposition, have results in larger scale wrinkles to form on the surface 
(wavelength ~500-1000 nm) that are similar to previous work with oxygen plasma immersion.  
Notably, these are created with both O2+ and Ar+ ion beams.  Atop this structure, the formation 
of nanodots is also seen.  Again, these are not shown to have spatial ordering, but are larger than 
those seen on Si, ~75-200 nm diameter.  These form at fewer combinations of processing 
parameters and are seen to preferentially grown in the valleys of the wrinkle pattern, specifically 
as they get larger.  The ability to control the size and density of nanodots on PDMS with 
processing parameters is less clear than on Si. 
 
This work represents a relatively fast, scalable, low-temperature, single-step process to grow and 
functionalize metal-oxide nanostructures on polymers. The ability to functionalize flexible, 
transparent substrates with metal-oxide nanostructures offers exciting applications in areas such 
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CHAPTER 1: INTRODUCTION AND MOTIVATION 
1.1 ZnO Properties and Applications 
Zinc oxide is a versatile semiconductor that has been studied for many decades.  It is a promising 
candidate for optoelectronics applications due to its wide direct band gap of 3.4 eV.  ZnO is 
considered to be a superior UV emitter than the more commonly used GaN due to its 60 meV 
exciton binding energy  [1,2].  Nanorods have also been shown to be effective light emitting 
diodes over the visible spectrum [3].  Thin films have been used as surface acoustic wave (SAW) 
filters and piezoelectrics for ultrasonic transducer arrays and other microelectromechanical 
systems (MEMS) [4,5].  In the area of transparent electronics, ZnO, in the form of 
InGaO2(ZnO)5 has been shown to be a very effective transparent field-effect transistor (TFET) 
with an on-to-off current ratio of ~106 [6]. ZnO also shows potential in spintronics, with 
ferromagnetism induced via transition metal doping [7,8].  In addition to these lucrative 
applications, ZnO has the advantage of being abundantly available and relatively affordable.  A 
number of important properties of ZnO are summarized below in Table 1.1  [9]. 
Table 1.1: Wurtzite ZnO Properties  [9] 
Property Value 
Stable phase at 300 K Wurtzite 
Lattice spacing  
     a0 0.32495 nm 
     c0 0.52069 nm 
Density 5.606 g/cm3 
Melting point 1975 °C 
Static dielectric constant 8.656 
Energy gap 3.4 eV, direct 
Exciton binding energy 60 meV 
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One area of promising applications currently being developed is for chemical sensors in gaseous 
and biological systems.  Highly sensitive devices for the detection of H2S have been created with 
Sn2O-ZnO films [10] and for humidity, CO, and H2 using CuO/ZnO thin films [11].  While many 
functional metal-oxides are viable for such applications, ZnO is highly desirable due to its 
biocompatibility [12].  ZnO nanoparticles and other features have been used for a wide variety of 
sensing applications that utilize either their ability to scatter light or their change in conductivity 
due to particle interactions.  Applications include nanoparticles for immunosensors, films for 
H2O2 [13], “nanocombs” for blood glucose [14], and films for Ochratoxin-A (OTA), a 
mycotoxin found in food products [15].  An astounding feature of these detectors is the physical 
scale on which they operate.  The OTA sensor mentioned above utilized ZnO nanoparticles of 
just 5 nm diameter on ITO glass. 
 
The aforementioned applications utilize ZnO in a number of forms, including single and 
polycrystalline bulk material, thin films, rods, wires, ribbons, and dots [3,5,11–14,16].  These are 
fabricated by a variety of techniques, many of which require high temperatures or corrosive 
chemical treatments [9,16–22].  ZnO is commonly formed through the oxidation of Zn at 
temperatures of 200-1000 °C depending on the application [1,6,12].  Another technique of 
oxidation and deposition is from solutions with a significant range in pH values depending on the 
desired surface features [23].  Other techniques include chemical vapor deposition (CVD), metal 
organic vapor phase epitaxy, electrodeposition, and vapor-liquid-solid growth [1,3]. 
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1.2 Flexible Substrates and the Future of Medical Devices 
The field of medical research is one of the largest and fastest growing fields in the world.  A 
significant focus within medical research is developing new monitoring and diagnostic tools and 
techniques, requiring materials that are compatible not only with biochemistry, but also the 
movement of the body.  This naturally leads to the processing of flexible materials to perform in 
applications, such as bio-sensing, while meeting both of these needs.  A number of materials are 
currently being researched for these uses, as well as for other applications like flexible 
electronics systems  [24,25], including indium tin oxide (ITO) [23,26,27], poly(methyl 
methacrylate) (PMMA) [28,29], chitosan [30,31], and polydimethylsiloxane (PDMS) [32–34].  
Of these, PDMS has received considerable attention due to a number of favorable properties.  
Fabrication consists of mixing a liquid base and liquid polymer, followed by low-temperature 
curing, which allows it to easily be molded into almost any geometry.  Additionally, it is 
transparent, biologically inert, stable under moderate conditions, and durable, yet flexible [34]. 
 
PDMS is a polymer chain, with base unit (C2H6OSi)n composed of a Si and O backbone and CH3 
groups attached to each Si atom.  It features a shear elastic modulus of ~250 kPa and a low glass 
transition temperature of ~-125 °C [35].  It also has a safe temperature range of -45—200 °C, 
above which the polymer will begin to dissociate, limiting certain applications [36].  The 
compound is stable in the presence of materials with moderate pH value, but can be broken down 
by strong acids and bases. 
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A key approach to modifying the properties of flexible substrates for biomedical uses is to 
directly or, through a series of steps, create thin films or nanostructures on their surface.  This 
stems from the bulk of the material already possessing the desired mechanical properties, but 
possibly lacking other desired properties that dictate how the body interacts with it.  These 
interactions are largely dictated by the surface properties of the material, as it is in direct contact 
with bodily tissue and fluid.  Thin films are generally much more flexible than their bulk 
counterparts, but suffer from delamination from flexible substrates due to factors such as 
drastically different Young’s moduli and thermal expansion coefficients [37].  This makes 
individual features, such as dots, needles, and pillars attractive options to pursue [38,39].  
Surface modification has led to PDMS being used in a number of medical devices, including 
contact lenses, cochlear implant coatings, artificial skin, blood pumps, catheters, and denture 
liners [40].  Other applications for PDMS currently being researched include magnetic 
actuators [41] and catalysts [39]. 
 
The surface modification of PDMS is currently achieved through a number of techniques 
designed to be compatible with the material’s temperature and chemical constraints.  A common 
technique takes advantage of the curing process to embed features into the surface [32].  In one 
example, metal-organic chemical vapor deposition (MOCVD) was used to grow a 200 nm seed 
layer on SiO2.  This was then subject to a hydrothermal patterning technique involving 
Zn(NO3)26H2O and C6H12N4 to synthesize nanowires, with 1,3-diaminopropane added to taper 
them.  Uncured PDMS was cast over the nanowire containing substrate, and allowed to seep into 
the nanowires.  The PDMS was then cured and peeled off, taking the nanowires with it.  Though 
this procedure is successful, it requires numerous steps and is time consuming.  Another 
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fabrication method is nanoimprint lithography, which again requires a number of steps to 
fabricate and transfer materials to embed structures in polymers [27].  This processes is 
additionally limited by the minimum feature size of the initial lithography technique.  
 
1.3 Material Processing and the Role of Ion Beam Technology 
The ability to modify surface properties is central to both of the previous subjects and one of the 
most important factors in biomedical device fabrication and performance.  Two of the most 
crucial factors in determining surface properties are chemistry and morphology.  Material surface 
modification has been shown to offer control over many properties, including wettability, 
chemical, and optical properties for applications in areas such as solar energy, gas sensors, and 
biosensors [27,42–44].  A significant number of diverse material synthesis methods have been 
developed to this end, focusing on nanoscale modification, with a variety of strengths and 
weaknesses.  Several of these were highlighted above in the context of ZnO and PDMS, and 
others include physical vapor deposition [45], dual-plasma-enhanced metalorganic vapor 
deposition [46], chemical solution deposition [33], and post fabrication introduction of features 
into uncured polymers [34,47].    
 
Another technique that has a long history in the semiconductor business, but is still growing in 
usage in many other industries, is plasma processing.  At the most basic level this involves the 
bombardment of a surface with energetic ions, electrons, neutral gas atoms, and free radicals to 
induce changes in surface properties [48–50].  Plasma immersion eventually led to the 
development of broad-beam (and later, focused beam) ion sources.  Though many designs exist, 
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these tools create parallel beam of particles impinging on a surface, expanding exposure control 
to parameters like incident beam angle and precise acceleration energy [51,52]. 
 
When an ion collides with a surface, a number of events occur.  Low energy ions may bounce off 
the surface or become physisorbed, imparting some amount of energy either way [53].  For 
incident ions with high enough energy to enter the material, a collision cascade is initiated, 
during which the energy from the initial ion is dispersed within a small volume [53].  This can 
cause a great number of Frenkel pairs to form if the target material is crystalline [54].  It is also 
theorized that the thermal spike within this volume can cause localized melting occurs, which 
may relieve a small amount of internal stress, similar to annealing, and allow for phase 
separation [53].  In multi-component systems, such as polymers, this will also break interatomic 
bonds, creating a much more chemically active surface [42].  Chemical activity can also be 
significantly affected by using chemically reactive gas species, such as O2, as opposed to inert 
noble gases, such as Ar.  Within the collision cascade, some of the momentum will be redirected 
back toward the surface, causing some of the material to be ejected from the surface in a process 
known as sputtering [55,56].  This, along with increased surface mobility, induces a significant 
mechanism in describing surface evolution during ion irradiation: mass redistribution [57–59]. 
 
Through decades of development, these mechanisms have been developed into a large number of 
material modification and analysis techniques.  Sputtering has been developed into both material 
deposition tools, such as magnetron sputtering guns, and surface cleaning techniques, like ashing 
to remove photoresist in lithography [28,60].  Focused ion beams are used to etch very thin 
samples for transmission electron microscopy.  Analysis of moment transfer between ion beams 
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and surfaces have yielded highly surface sensitive chemical analysis techniques such as forward- 
and backward-ion scattering spectroscopy.  Ions and neutral atoms sputtered from the surface can 
also be analyzed to produce surface composition in secondary ion mass spectroscopy (SIMS) and 
secondary neutral mass spectroscopy (SNMS), respectively [61,62]. 
 
Due to the early adoption and significant usage of this technology by the semiconductor industry, 
it follows that the most significant work has been performed on crystalline silicon.  One of the 
earliest known discoveries of ion beam surface patterning occurred on glass in 1962, where 
ionized air produced ripple patterns with angle-dependent periodicity [63].  Since then, a number 
of studies have shown the angle of incidence can cause ripples to form in two distinct modes: 
parallel mode at high incident, grazing angles, where the apparent propagation direction of the 
ripples is parallel to the direction of the ion beam, and perpendicular mode at low angles near 
normal incidence, in which the propagation direction of the ripples appears to be perpendicular 
to the direction of the ion beam [64,65].  An additional manner of patterning Si concerns normal 
incidence irradiation.  Early work was inconclusive on the results, with some work showing no 
significant changes and others showing dot and hole formation [66–69].  More recent work has 
shown that surface patterns from normal incidence irradiation of Si occurs in the presence of 
impurities, with a threshold below which no patterns form [70–74]. 
 
A number of theoretical models have been proposed to explain the observed self-organized 
behavior.  One of the earliest and still most referenced of these is the Bradley-Harper model [75], 
a continuum model that predicts ripple formation at low fluences, and is based on Sigmund’s 
theory of sputtering [56].  This is based on the idea that an initially rough surface has relative 
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high points (peaks) and low points (trough).  When an ion impacts near a peak, some of the its 
energy may distribute to the peak, but most will be distributed away.  Likewise, an ion impacting 
near a trough will distribute its energy toward the trough.  In this manner, more energy reaches 
troughs than peaks and thus material is sputtered away from them at a higher rate.  This effect is 
responsible for surface instability (on Si) and drives surface evolution.  The original Bradley-
Harper model has been updated many times over the years, with new terms, such as the 
Kuramoto-Sivashinsky (KS) equation, accounting for non-linear effects like mass redistribution 
at higher fluences [76,77]. 
 
Plasma and ion beam interactions have also been studied on Zn, ZnO, and PDMS.  Several 
groups have shown that ion beam irradiation of Zn produces nanostructure growth.  Normal 
incidence irradiation of polycrystalline Zn with 600 eV Ar+ ions has been shown to result in 
needle growth that is dependent on grain crystallography, which is shown in Figure 1.1 
(left) [78]. 
 
          
Figure 1.1: 600 eV Ar+ irradiation of polycrystalline Zn (left) [78] and 6 keV O2+ irradiation of Zn 
forming ZnO tips (right) [79]  
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Additionally, 6 keV O2+ irradiation of Zn has been shown to form cones [79].  It is believed that 
ZnO formed in random areas on the surface, and, with a lower sputter yield than pure Zn, was 
removed at a lower rate, allowing the surrounding material to be removed and forming cones.  
Neither of these experiments directly measured the flux or fluence of the ion beam, instead 
reporting equipment settings. 
 
Multiple studies have been performed exploring the usage of oxygen ions as a means to 
controllably oxidize metal surfaces at low temperatures.  Metal oxide films were produced on 
Mo, W, Nb, and Ta with 1 keV O2+ ions [80,81].  Chemical analysis with XPS showed that the 
oxidation state was fluence dependent and eventually reached an equilibrium stoichiometry in 
each system as the oxidation and sputtering rates balanced.  Additional studies have shown 
similar results with lower energy ions in the range of 20-600 eV [82,83]. 
 
Oxygen plasma immersion has been shown to drastically affect the wettability of PDMS and 
other polymers [28,40,84–86].  In one study, 200 nm of PDMS was cured on SiO2 substrates and 
exposed to both radio frequency and microwave oxygen plasmas at 40 W.  These were then aged 
in various environments and analyzed periodically.  XPS showed that oxygen irradiation creates 
an oxidized layer of 130-160 nm, depending on exposure time.  The incident oxygen broke 
PDMS molecules and created a high concentration of SiO3,4 groups in this layer, which is 
responsible for the polymer shifting from hydrophobic to hydrophilic.  This was characterized 
through water droplet contact angle measurements, with an observed shift from ~96° to less than 
30° [42].  This effect was not permanent, however, and the mechanism for hydrophobic recovery 
was also explored.  One conjecture that the work disproved was that contamination from the 
 10 
environment penetrated the surface and aided in recovery.  Samples of PDMS were aged in 
atmosphere, argon, and vacuum environments.  These conditions showed no observable 
differences, and the effect is attributed to migration of molecules within the sample over time, 
dispersing the concentration of SiO3,4 near the surface.  Though this work presented this as a 
means of artificially aging PDMS, this could be an effective means of creating flexible materials 
that require time-dependent characteristics, such as the interaction of biomaterials during a 
healing process. 
 
Other work with PDMS also exposed the surface to oxygen plasma.  This work adjusted the 
power used to generate the plasma and the length of time the PDMS was immersed in it.  This 
resulted in the formation of waves across the surface that was attributed to the formation of a 
silica layer, via oxidation from the plasma, with different mechanical properties [87].  These 
were characterized by wavelengths of 100’s nm.  These structures were shown to drastically 
decrease the contact angle of water in wettability studies from ~110° to <20° [88]. 
 
Overall, ion beam irradiation has demonstrated the capability to produce a wide variety of 
features such as rods, ripples, and dots [78,89–94] and produce significant chemical 
changes [80,95–97].  These are highly tunable through the manipulation of processing 
conditions, including incident angle, gas species, energy, flux, fluence, and temperature.  
Overall, the expansion of plasma and ion beam processing of materials is a potentially disruptive 
technology for industrial applications as it can provide a wide variety of surface property 
modifications, is generally low temperature, and is scalable, with the ability to simultaneously 
modify large surface areas at a quick rate. 
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1.4 On the Use of Dual Ion Beams 
The breadth of applications of ion beams has inspired a few research efforts exploring the 
combination of these abilities.  One such effort has focused on irradiating a single surface with 
two ion beams whose projections on the sample surface are perpendicular.  This work explored 
the possibility of obtaining a superposition of ripple patterns on Au(001) surfaces with 500 eV 
Ar+ ions [98,99].  The results shows that dots were indeed formed on the surface, but had very 
poor ordering. 
 
A separate experiment explored use two ion beams for very different purposes.  One ion beam 
irradiated a Si sample at normal incidence, while a second passed parallel to the surface, not 
interacting with it, but striking a target, and sputter depositing a thin film on the substrate [100].  
In this way the irradiation and deposition rates on the sample could be independently controlled.  
This work focused on how the composition of the target (GdCo, GdCo2, or GdCo3) affected the 
composition of the deposited film.  Analysis was limited to modeling preferential sputtering rates 
and compositional analysis of the final result.  Ar+ ion beams of 500-1000 eV were utilized, with 
an irradiating beam flux of ~1014 ions/cm2/s on the substrate and a sputter deposition beam flux 
of ~6.2*1011 ions/cm2/s.  This successfully demonstrated that the composition of the target could 





The above sets the stage for the exploration of a potentially lucrative fabrication technique.  Both 
ZnO and PDMS have important applications in a number of industries, including the biomedical 
market, with room to expand.  One of the greatest challenges with this combination of dissimilar 
materials is that ZnO processing frequently requires temperatures far too high for PDMS.  As 
stated earlier, ion beam processing is a viable option for room-temperature nanostructuring and 
oxidizing. This is critical to interface inorganic metals to polymers, such as PDMS. The 
advantages of interfacing these classes of materials is that it allows for novel materials that have 
both the properties of metal-oxide systems for sensors and polymer-based systems compatible 
with many practical environments, such as bio-systems.  Some applications have gotten around 
this issue by utilizing multi-step processes, separating the ZnO preparation from its introduction 
to PDMS.  Though successful, such increases in fabrication steps leads to additional time and 
cost to potential industrial-scale integration.  Plasmas and ion beams are a natural choice as an 
alternative processing technique. 
 
The following work aims to understand the behavior of the ZnO and PDMS system under 
simultaneous irradiation and codeposition in a dual ion beam setup.  Based on conditions in the 
literature which have been shown to manipulate the morphology and chemistry of ZnO and 
PDMS separately, a number of systematic studies will be carried out to test the viability of this 
fabrication technique and to understand which parameters and mechanisms are responsible for 
the tunability of the final results.  Specific ion beam parameters that will be explored include the 
ratio of fluxes between the two beams (and thus the relative deposition vs. irradiation), the 
energy of dthe ions, the total fluence that samples are exposed to, and the differences between 
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inert and reactive ion beams on Si vs. PDMS.  Overall, this holds the potential to develop a 
single-step process that will simultaneously deposit Zn, oxidize it to create ZnO, form 
nanostructures, and manipulate overall surface morphology and chemistry with high fidelity to 
meet the needs of biomaterial applications. 
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CHAPTER 2: EXPERIMENTAL SETUP AND METHODOLOGY 
2.1 Facilities: Dual Ion-beam eXperiment (DIX) and Ion-Gas-Neutral Interactions with Surfaces 
(IGNIS) 
The majority of experiments carried out herein were performed in two facilities at the Radiation 
Surface Science and Engineering Laboratory at the University of Illinois at Urbana-Champaign.  
Both vacuum facilities were custom designed to accommodate unique experimental setups 
requiring multiple ion beam modification sources, including the setup presented here. 
 
Early work was carried out in the Dual Ion beam eXperiment (DIX).  The purpose of this facility 
is to accommodate multiple surface modification and deposition tools, including broad and 
focused ion beams, magnetron sputtering guns, and evaporators, with a focus on highly 
specialized angles and geometries.  The port configuration specifically allows for broad ion 
beams to be mounted perpendicular to each other, necessary for this work, or at projected 
perpendicular angles.  Ion beam currents are measured with two electrically isolated circular 
titanium disks mounted perpendicular to each other to directly face both ion beams.  The current 
plates are mounted on a manipulator, allowing for readings to be taken at chamber super center, 





Figure 2.1: Dual Ion beam eXperiment (DIX) Facility 
 
Later work was carried out in the Ion-Gas-Neutral Interactions with Surfaces (IGNIS) facility.  
This features a much more robust design capable of in-situ, in-operando material modification 
and characterization.  The centerpiece of this facility is the Specs PHOIBOS 150 NAP 
hemispherical analyzer, allowing techniques such as X-ray Photoelectron Spectroscopy (XPS) to 
be performed at pressures up to 5 mTorr.  IGNIS is also designed to accommodate both forward 
and back scattering ion-scattering spectroscopy, Raman spectroscopy, ellipsometry, Secondary 
Neutral Mass Spectroscopy (SNMS), as well as several deposition sources.  The manipulator can 
heat the sample to 900 °C, cool to <190 °C with liquid nitrogen, electrically bias the sample, and 
move the sample with five degrees of motion.  A separate small chamber is attached to IGNIS, 
known as the load lock, which serves as the loading and unloading area for samples.  It has a 
much smaller volume than the main chamber and has its own dedicated pumping system.  This 
allows it to pump down to UHV pressure relatively quickly after loading a sample, which can 
then be transferred to the manipulator in the main IGNIS chamber. 
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Figure 2.2: Ion-Gas-Neutral Interactions with Surfaces (IGNIS) facility 
 
The underside of the manipulator is equipped with two titanium plates to measure ion beam 
current.  The outer plate is grounded to the chamber and has a circular hole to let a specified 
cross sectional area of the beam reach a secondary plate.  This plate is electrically isolated from 
the rest of the system and connected to an ammeter.  The current and area can then be used to 
calculate the ion beam flux. 
 
 
Figure 2.3: IGNIS Sample Manipulator with Current Plate 
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At the time this work was performed not all systems within IGNIS were online.  Manipulator 
motion, current plate, and dual ion beam sources were utilized.  Both broad ion beam sources 
used are the GenII Plasma Source manufactured by Tectra GmbH Physikalische Instrumente in 
Frankfurt, Germany.  These sources ignite a plasma within a ceramic cup via microwaves 
generated in a magnetron and are facilitated by the electron cyclotron resonance effect  [101].  A 
pair of molybdenum grids is then electrically biased to extract an ion beam of 0-2000 eV 
approximately 2.5 cm in diameter.  Images of one of the sources, as well as a sample being 
irradiated, can be seen below. 
 
          
Figure 2.4: Tectra GenII Plasma Source (left), Manipulator during Ne+ irradiation experiment (right) 
 
Figure 2.4 (left) shows the GenII Plasma Source before installation on a vacuum chamber.  At 
the end of the source, the grids that extract and accelerate the ion beam can clearly be seen.  The 
image on the right shows the manipulator during an experiment.  The sample is facing left, 
normal to the ion beam, and the current plate can be seen facing away from the beam during the 
experiment.  The red glow here is generated from the Ne+ plasma. 
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2.2 Codeposition and Irradiation Setup and Procedures 
Two GenII Plasma Sources are mounted perpendicular to each other to facilitate the 
experimental setup.  Samples are mounted on a custom-built stage, as shown below in Figure 
3.5.  Four polycrystalline zinc targets are mounted at a 45° angle.  Beam 1 impinges on the 
surface at normal incidence and does not interact with the Zn deposition source.  Beam 2 
impinges on the Zn target at 45°, sputtering Zn that is then deposited on the substrate.  It is key 
that Beam 2 passes over, but does not interact with the substrate.  In this way the two processes, 
material deposition and sample irradiation, are independently controlled through a number of 
factors including ion species and flux. 
 
     
Figure 2.5: Codeposition Experimental Setup 
 
Several systematic studies were performed utilizing this setup.  One of the primary factors 
explored is the ratio of fluxes between the two beams.  Since exposures were carried out 











where 𝜙! and 𝜙! are the fluxes of Beam 1 and Beam 2, respectively, and 𝛷! and 𝛷! are the 
fluences of Beam 1 and Beam 2, respectively.  Since the deposition flux is proportional to that of 
Beam 2, this parameter indicates the relative deposition vs. sputtering rate from the substrate 
surface.  Additional factors include substrate material (SiO2 and PDMS), irradiation species (O2+ 
and Ar+) to compare chemical and ballistic effects, ion energy, and total fluence, which are 
detailed in Chapters 4-7. 
 
2.3 Sample Preparation and Handling 
Two sample materials were utilized in this work, Si, with a thin naturally oxidized SiO2 layer at 
the surface, and PDMS.  Due to the significant differences in these materials, separate 
preparation and handling procedures was required. 
 
The Si(100) samples were purchased as a single 3” wafer with one side polished.  The backside 
was scored with a diamond tip scribe parallel to the small flat edge to ensure breakage along a 
plane.  The wafer was then placed between two glass microscope slides wrapped in Kimwipes 
delicate task wipers to minimize contact between hard surfaces.  With the scored line placed at 
the edge of the slides, the protruding piece of wafer was tapped until it broke off.  This process 
was repeated, changing Kimwipes between each step for cleanliness, until individual samples 
~1x1 cm were produced.  These were then cleaned in an ultrasonic bath of acetone for 30 
minutes, then rinsed with isopropyl alcohol and visually inspected for debris or scratches.  They 
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were then placed face down in individual rounded sample holders to prevent contact with the 
surface, with a spring to keep them in place.  Following this, samples were only handled with 
vacuum clean tweezers.  For experiments and certain analysis techniques, samples were mounted 
on various stages using carbon tape. 
 
The PDMS samples were prepared using a Dow Corning Sylgard® 184 Silicone Elastomer Kit.  
A liquid base and curing agent were weighed with a chemical scale and mixed in a 10:1 ratio 
thoroughly with a spatula for 5 minutes.  This mixture was then poured into a ceramic dish to a 
depth of ~1 mm.  This was then placed on a hot plate and heated to 150 °C for 10 minutes, then 
allowed to cool.  After cooling for ~1 hour, a razor blade was used to divide the PDMS into ~1x1 
cm samples and removed from the dish.  Due to the flexible nature of PDMS, these samples were 
again placed in individual sample holders, but this time face up without a spring to ensure the 
surfaces were not disturbed.  PDMS does not adhere well to carbon tape or copper tape and 
therefore the samples were always kept upright while in sample holders, during experiments, and 
during analysis. 
 
2.4 Data Collection and Error Analysis 
Experiments began by mounting a SiO2 and PDMS sample side-by-side on the codeposition 
setup.  The load lock is then isolated with gate valves and vented to atmospheric pressure with 
Ar.  A door is unlocked and positive pressure within the load lock minimizes the amount of 
atmosphere and water vapor that can enter during sample loading.  Once the samples are loaded 
onto the transfer arm the door is closed, gas flow turned off, and pumping begins.  First, a scroll 
pump brings the load lock down to ~3E-3 Torr, after which it is closed off and the 
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turbomolecular pump opened.  Once the load lock is pumped down below 1E-7 Torr, the gate 
valve separating the load lock from the main chamber is opened.  Due to the constraint that the 
PDMS remain upright, the rest of the experiment is setup before transferring the samples to the 
manipulator. 
 
Once the pressure between the chambers has stabilized at approximately 5E-8 Torr, this is 
recorded as the base pressure and the startup procedure for the ion sources is initiated.  The 
manipulator is adjusted so that the current plate is sitting at chamber supercenter (the point where 
the sample will sit) and facing Beam 1.  First, the gas flow to Beam 1 is turned on and the 
chamber pressure is raised to ~4E-4 Torr, then the gas flow to Beam 2 brings the total to ~8E-4 
Torr.  This is slightly higher than normal operation, but necessary to ensure both sources have 
adequate gas flow.  The magnetron power supply to Beam 1 is then turned on and the power 
slowly increased until plasma is struck.  This is indicated both by a visible glow within the 
chamber and a slight current reading on the ammeter as stray electrons are collected.  This is then 
repeated for Beam 2.  At this point plasma is ignited in the ceramic cup of both ion sources but 
no beam is being extracted.  On the grid supply to Beam 1, the extraction voltage is set to -400 
V, and then the energy is set depending on the experimental parameters.  The extraction voltage 
is then adjusted slightly to minimize the current on both grids, as this will cause sputtering and 
wear them down over time.  The magnetron power is then adjusted to produce a stable current as 
read on the ammeter.  This can take up to 5 minutes as the source heats up and reaches 
equilibrium.  At this point the power supply controlling the extraction and acceleration grids is 
shut off with the settings still in place, effectively turning of the ion beam but leaving the plasma.  
The current plate is then tilted toward Beam 2 and the procedure is repeated until a stable beam 
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is established.  The current plate is then moved back and forth as the source beams are turned on 
and off and adjusted to reach the desired flux ratio.  This is determined by recording the beam 
current in a spreadsheet designed to calculate the flux.  Once both ion beams reach the desired 
setting they are both shut off and the sample is transferred to the manipulator.  A timer is set 
based on the calculated flux and the desired fluence and both ion beams are turned on 
simultaneously. 
 
Over long periods of time (>10 minutes) the ion beam current can slowly drop.  Testing has 
shown that this occurs with both Ar+ and O2+.  While the experiment is running, the current plate 
is not facing either of the ion beams, but does collect stray charged particles.  This results in a 
reading lower than but proportional to the actual current.  This is monitored during the 
experiment to maintain beam flux.  Since the effect is expected from both sources, the power of 
both is slightly adjusted to return the current to its initial value.  Since the quantitative change in 
current cannot be measured in-operando, the deviation from the initial value is kept within 10%, 
introducing error into the fluence.  At the end of the experiment, the ion beams are shut off, the 
samples are transferred back into the load lock, and the beam currents are individually checked 
to ensure they are close to their original values.  With the load lock once again separated via gate 
valve, the magnetron power supplies are then slowly shut off to prevent thermal shock to the 
internal ceramics and gas flow is turned off.  The load lock gate valves are then shut, the load 




Several ex-situ analysis techniques were used on samples following codeposition, including 
atomic force microscopy (AFM), x-ray photoelectron spectroscopy (XPS), and contact angle.  
These were all carried out at the Frederick Seitz Materials Research Laboratory at the University 
of Illinois Urbana-Champaign.  AFM was performed with the Asylum Research Cypher 
instrument, which offers extremely high-resolution capabilities.  Imaging was performed in 
tapping mode, producing height, amplitude, and phase scans.  The majority of images presented 
are color map height images.  Although these contain the most meaningful physical 
representation of the surface, with features being shown with length scale, the lateral resolution 
across the surface can sometimes suffer from the electronic feedback loop of the instrument.  The 
amplitude and phase scans, meanwhile, represent the deflection and oscillation phase offset of 
the probe tip.  These are measured as a voltage and degree that are not a direct measurement of 
the surface, however they are recorded in real time and thus have greater lateral resolution.  In 
some cases the amplitude data is included as a supplement to the height data to give a better 
representation of what the surface looks like, or the outline of surface features.  AFM data was 
analyzed with both Asylum Research’s ARgyleTM and WSXM software [102]. 
 
XPS data was taken with the Physical Electronics PHI 5400 instrument, utilizing Al K-α x-rays 
from a monochromatic x-ray source.  CasaXPS software was used to analyze the data.  First, 
survey scans were performed with a pass energy of 160 eV.  Based on this, core scans were then 
performed over identified peaks with a pass energy of 40 eV.  For each core scan there were 10 
sweeps that were averaged.  Based on these, the area of the peaks associated with each element 
was then adjusted with a sensitivity factor to calculate atomic concentration (%) of different 
elements on the surface.  Wettability testing was performed with contact angle measurements 
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with a ramé-hart goniometer.  Droplets of water were placed at several locations on the sample 
surface and photographed.  These images were then analyzed to determine the average contact 
angle between the surface and the water droplet.  High contact angles indicate hydrophobic 
samples, while low contact angles indicate hydrophilic ones. 
 
Error is present and propagates throughout the measurements and calculations in this work.  The 
incident angle of irradiation from the ion beam was directly measured on the sample manipulator 
and the error is related to the smallest degree on the gauge, 1°, therefore the error is ±1°.  
 
𝜎! = ±1° 
 
Another important setting for these experiments is the ion energy.  This, however, is set on the 
power supply and not directly measured.  Additionally, no data on this is listed on the equipment 
or in the manual.  The supply displays energy in the range of 0-2 keV with 250 eV marked 
increments. 
 
The most significant error calculation is that for the fluence the sample is exposed to.  This error 
propagates from both the angle of incidence and the area of the current collection plate to the 
flux, and finally the fluence.  The area of the current plate was calculated from the measured 
diameter, with error originating in this measurement.  The bias error inherent in the instrument is 
±0.01 mm.  The precision error from multiple measurements also results in  ±0.01 mm, resulting 
in the following. 
 
 25 
 𝑡𝑜𝑡𝑎𝑙 = 𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛! + 𝑏𝑖𝑎𝑠! = 0.01 𝑚𝑚 ! + 0.01 𝑚𝑚 ! = 0.01414 𝑚𝑚 
 
𝑑 = 11.07± 0.01 𝑚𝑚 
 
The error is first shown in full, and then represented by the correct number of significant figures. 






2 = 5.54± 0.01 𝑚𝑚 
 
The radius is then used to calculate the area of the plate. 
 
𝐴 = 𝜋𝑟! = 96.4 𝑚𝑚! 
 
which yields the following error for the calculation of area. 
 
𝜎! = 𝐴 ∗ 2 ∗
𝜎!
𝑟 = 96.42 𝑚𝑚
! ∗ 2 ∗
0.01 𝑚𝑚
5.54 𝑚𝑚 = 0.35 𝑐𝑚
! 
 
This gives a final area of 96.42±0.35 mm2.   
 
The final directly measured value that contributes error to the flux calculation is the directly 
measured current.  Though the ammeter used to measure this current is highly accurate (quote 
value), the stability of the gun causes this to waver over time.  As explained above, by 
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monitoring the proportional current during the experiment, the current was kept within 10% of 
the initial value, so this contributes ±10% to the bias error.  A second factor, secondary electron 
emissions, also contributes to the bias error.  Incident ions on the current plate will tend to eject 
electrons from the current plate, which will also contribute to error in the current reading.  
Published work on this shows that 1 keV Ar+ at normal incidence on a wide variety of metals 
results in an extremely small secondary electron emission coefficient (𝛾) [103,104].  A very 
conservative value of 10% will be used here.  This leads to the following calculation for error in 
the current. 
 
 𝜎! = 0.1 ∗ 𝐼 ! + 0.1 ∗ 𝐼 ! = 0.1414 ∗ 𝐼 
 
The derivation of flux is then as follows, beginning with the measured current and assuming an 













This describes the total current.  The flux can then be described as this current over the area in 




𝐴  →   
6.242 ∗ 10!"  𝑖𝑜𝑛𝑠
0.99 𝑐𝑚! = 6.305 ∗ 10
!" 𝑖𝑜𝑛
𝑐𝑚! ∗ 𝑠  
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This, however, is only accurate if the incident flux is normal to the sample surface.  Correction 
for this requires a factor of cos(ϑ).  This results in the following flux equation. 
 
𝜙 = 𝐼 ∗ 6.305 ∗ 10!"
𝑖𝑜𝑛





𝐼 ∗ cos (𝜃)
𝐴  
 






























































Additionally, the fluence is then calculated from the flux with time. 
 
𝛷 = 𝜙 ∗ 𝑡  
 













The time of the experiment is monitored with a stopwatch with an assumed error of ±1s.  The 
error in fluence is then as follows. 
 











There are several measurements that were repeated a number of times, including the diameter 
and height of surface features.  The presented value is the average and the error is calculated in 







CHAPTER 3: SIMULATION OF ION BEAM SPUTTERING DEPOSITION 
 
A key goal of the codeposition fabrication approach is to produce individual surface features.  
This makes a low deposition rate desirable to prevent complete coverage of the surface.  Due to 
the nature of this setup, there is simultaneous deposition and sputtering from the sample surface.  
The following is an estimate of the deposition of Zn throughout the experiment.  The Stopping 
and Range of Ions in Matter (SRIM) software package was utilized to simulate the sputtering of 
Zn via Ar+ ions as near as the possible.  SRIM utilizes Binary Collision Approximation (BCA) to 
simulate ions impacting surfaces and calculate the resulting collision cascade, dpa, sputter yield, 
and sputtered atom energy, among other things.  The approach has several limitations, however, 
with the most significant to this application being the lack of ability to account for chemical 
effects [105].  Since O2+ irradiation, leading to oxidation, is a central theme of this work, the 
following results should be taken as rough estimates intended to establish the context of the 
experiments and not precise quantitative results.  
 
A 500 Å thick Zn surface was simulated to be bombarded at 45° by Ar+ ions at 500 eV and 1000 
eV for 100,000 runs.  SRIM calculated the sputter yield to be 6.47 atoms/ion at 500 eV and 10.38 
atoms/ion at 1000 eV.   
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Figure 3.1: Simulated ion collisions of 500 eV Ar+ on Zn at 45° as seen from within the target (left) and 
from above (right) 
 
Figure 3.1 graphically shows the results of the SRIM simulations for the 500 eV Ar+ case.  The 
image on the left depicts the collision cascade via a cross-section of the sample, with the left 
edge representing the Zn surface, and moving deeper toward the right.  This graphically shows 
the calculated radial ion range of 13 Å.  The image on the right shows a top-down view of the 
same with a lateral projection range of 10 Å.  It can be seen from this perspective that the 




Figure 3.2: Energy distribution of Zn atoms sputtered by 500 eV Ar+ at 45° 
 
Figure 3.2 shows the energy distribution of Zn surface atoms impacted by the 500 eV Ar+ beam.  
This is shown to follow a Thompson distribution, where those atoms below the surface binding 
energy of 1.4 eV are not sputtered.  Thus, the a distribution of energy among Zn atoms deposited 
on a substrate from this sputtering is indicated by the area to the right of the vertical line, 
ignoring any collisions that may occur between sputtering and deposition.  This was then 
repeated for the 1000 eV sputtering case, and is shown below in Figures 3.3 and 3.4. 
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Figure 3.3: Simulated ion collisions of 1000 eV Ar+ on Zn at 45° as seen from within the target (left) and 
from above (right) 
 
Figure 3.3 graphically shows the results of the SRIM simulations for the 1000 eV Ar+ case.  The 
image on the left depicts the collision cascade via a cross-section of the sample, with the left 
edge again representing the Zn surface, and moving deeper toward the right.  This graphically 
shows the calculated radial ion range of 18 Å, which can be seen by the noticeably larger 
cascade.  The image on the right shows a top-down view of the same.  Once again, there is 
pronounced shift of the cascade away from center due to the 45° incident angle, with a lateral 





Figure 3.4: Energy distribution of Zn atoms sputtered by 1000 eV Ar+ at 45° 
 
Figure 3.4 shows the energy distribution of Zn surface atoms impacted by the 1000 eV Ar+ 
beam.  This again is shown to follow a Thompson distribution, where those atoms below the 
surface binding energy of 1.4 eV are not sputtered.  Compared to Figure 3.2, the increased 
sputter yield between 1000 eV ions and 500 eV ions can be seen..  The distribution of energy 
among Zn atoms deposited on a substrate from this sputtering, then, is indicated by the area to 
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the right of the vertical line, ignoring any collisions that may occur between sputtering and 
deposition. 
 
First, the range of the total number of sputtered atoms will be calculated at each energy level.  At 
500 eV, sputter fluences ranged from 4.95E16 ions/cm2 to 1.00E18 ions/cm2.  Given a Zn target 
surface area of 4 cm2 and a sputter yield of 6.47 atoms/ion, this results in a total number of 
sputtered Zn atoms of 1.28E18-2.59E19 atoms.  Assuming the (0001) plane of the HCP Zn 







2 0.133 𝑛𝑚 ! 3
= 16.27 𝑎𝑡𝑜𝑚𝑠/𝑛𝑚! 
 
Given this, and a sample surface area of 2 cm2, a film thickness of 0.195-3.937 µm would be 
deposited if all of the Zn made it to the sample and none were removed from the irradiating ion 
beam.  Due to the solid angle between the sputtering source and the sample surface, an estimated 
10% of the sputtered atoms make it to the sample, resulting in an estimated deposition of 19.5-
393.4 nm Zn for 500 eV sputtering. 
 
Similarly, at 1000 eV, sputter fluences ranged from 5.05E16 ions/cm2 to 1.00E18 ions/cm2.  
Given the same Zn target area of 4 cm2 and a sputter yield of 10.38 atoms/ion, this results in a 
total number of sputtered Zn atoms of 2.097E18-4.152E19 atoms.  Utilizing the same planar 
density as above, and again assuming complete deposition and ignoring subsequent sputtering, 
this results in a film thickness of 0.319-6.312 µm.  With the same fraction of atoms being 
deposited on the sample, a final estimated deposition of 31.9-631.4 nm Zn is achieved at 1000 
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eV sputtering.  It is worth noting that in the experimental setup, the process described above 
often occurs in the presence of oxygen. 
 
Considering that simultaneous sputtering of the sample with another ion beam occurs, a second 
set of SRIM simulations were performed.  In these, 100,000 runs of O2+ incident at 0° were 
performed on a 20 Å layer of Zn over a 500 Å layer of SiO2.  These results are shown below. 
 
            
Figure 3.5: Simulated ion collisions of 500 eV O2+ on Zn/SiO2 at 0° as seen from within the target (left) 
and from above (right) 
 
Figure 3.5 graphically shows the results of the SRIM simulations for the 500 eV O2+ case.  These 
depict many similar features as Figures 3.1 and 3.3.  The cross-sectional image on the left shows 
a side view of the damage cascade.  It can be seen to expand slightly once the interface is 
reached due to the differences in material properties, such as density.  This depicts an 11 Å radial 
ion range.  The top-down view again shows this, with one notable difference.  In this case the 
damage cascade is centered instead of shifted upward due to the normal incident angle, as 
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opposed to the previous 45°, with a lateral projection range of 7 Å.  The similar case at 1000 eV 
is shown below in Figure 3.6. 
 
            
Figure 3.6: Simulated ion collisions of 1000 eV O2+ on Zn/SiO2 at 0° as seen from within the target (left) 
and from above (right) 
 
Figure 3.6 graphically shows the results of the SRIM simulations for the 1000 eV O2+ case.  
Once again, this is similar to the previous results, with slight variations due to the higher energy.  
Here, the radial ion range is 16 Å and the difference upon reaching the interface between Zn and 
SiO2 is more pronounced.  Again, the top-down view again shows a centered damage cascade 
with a lateral projection range of 10 Å. 
 
This produced sputter yields of 5.26 and 7.46 atoms/ion for 500 and 1000 eV O2+ ions, 
respectively.  Given a constant fluence of 1E17 ions/cm2, on a solid Zn sample, this would 
remove a thickness of 80.02 nm at 500 eV and 113.5 nm at 1000 eV.  In practice, the oxidation 
of the deposited material would result in a significantly lower sputter yield.  The two above 
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processes, deposition and sputtering, however, occur simultaneously.  Given the sputtering rate is 
estimated to be less than the deposition rate, it is expected that ZnO (due to oxidation when the 
irradiating beam is O2+) will be present on the surface.   
 
Another significant detail to come out of these simulations is the energy of the sputtered Zn 
atoms.  This is a parameter that is not well controlled in many deposition techniques and could 
play an important role in surface morphology evolution.  The simulations yielded an average 
sputtered atom (Zn) energy of 10.36 eV/atom during 500 eV sputtering and 11.96 eV/atom 




CHAPTER 4: CODEPOSITION RESULTS ON Si 
 
The results of several experimental parameter sets from codeposition experiments on Si 
substrates are presented and discussed herein.  While the focus of this work as a whole is 
concerned with the understanding and development of ion beam processing of ZnO with PDMS, 
polymer chemistry is highly complex on its own, and is further complicated by the intricate 
interaction with irradiation, and little work has previously been done that is relevant to this 
experimental setup.  Si, however, is well understood in the context of this work and is part of the 
backbone of the PDMS polymer chain, making it a good candidate for comparison.  The first 
parameter space in the codeposition and irradiation work focuses on the ratio between the 
irradiation and deposition ion beam fluxes.  This is directly correlated with the relative 
deposition and sputtering rates of material from the sample surface.  The next sample set 
analyzes the effects of ion energy, highlighting the similarities and differences between 500 and 
1000 eV ions.  Following that, results are presented for samples that were irradiated to a 
significantly greater fluence (5 times) to explore the nature of surface feature evolution and 
development.  The chapter concludes with a summary of these results.  The overall data will be 
organized, examined, and compared as appropriate to the parameter of focus in each section and, 
as such, some results appear more than once. 
 
4.1 Ion Beam Flux Ratio 
The experimental setup used in this work, as described in Chapter 2, explicitly enables the 
independent control over the irradiation of the sample surface and the deposition rate of Zn.  One 
of the primary parameters that can be controlled in this way is the ratio of ion beam fluxes (and 
 40 
consequently the end fluence).  The following data sets hold parameters such as sample 
irradiation fluence, ion species, and ion energy constant to make this comparison.  Experiments 
were performed with flux ratios of 0.1, 0.2, 0.5, 1.0, and 2.0 ranging from lower to higher sample 




Figure 4.1: AFM scans of Zn codeposition on Si, deposition with 500 eV Ar+, sample irradiated with 500 
















The first data set, shown in Figure 4.1, shows the AFM height results of 500 eV Ar+ irradiation 
and codeposition over the aforementioned flux ratios, all with a final irradiation fluence of 1E17 
ions/cm2 on the Si substrate. 
 
This data shows that the relative deposition rate has a significant effect on surface morphology.  
Images A-D correspond to the highest deposition rates, with flux ratios of 0.1 and 0.2, and show 
no discernable surface features.  Images E and F, however, show a high density of small surface 
features <20 nm in diameter.  At even high ratios, larger dots of ~40 nm diameter are shown to 
form, but with lower areal density.  Interestingly, very little change in roughness, as measured by 
Route Mean Square (RMS), was observed. 
 
Figure 4.2: RMS Roughness over Flux Ratios for 500 eV Ar+ Codeposition on Si 
 
Figure 4.2 shows that a slight increase in surface roughness is observed with increasing flux 
ratio, or decreased Zn deposition.  Within this sample set, the highest deposition rate results in 
the smoothest sample surface, while the lowest Zn deposition resulted in the roughest.  
Additionally, no ordering of features is observed at any flux ratio under these conditions. 
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The previous experimental conditions were repeated on Si with an increase in ion energy from 
500 eV to 1000 eV, with AFM results shown below in Figure 4.3. 
 
 
Figure 4.3: AFM scans of Zn codeposition on Si, deposition with 1000 eV Ar+, sample irradiated with 















This data set again shows that flux ratio has a significant effect on surface morphology.  Under 
these conditions, the highest deposition rate does produce a notable change to the surface, with 
poorly defined dots being visible in images A-B.  As before, significant feature growth is 
observed at a flux ratio of 0.5, with images E-F showing a high density of dots of 30-40 nm 
diameter.  The lowest deposition sample with a ratio of 2.0 shows a much lower density of dots 
~20 nm in diameter.  Greater variation in roughness is observed at 1000 eV than the 500 eV 
results shown previously. 
 
 
Figure 4.4: RMS Roughness over Flux Ratios for 1000 eV Ar+ Codeposition on Si 
 
Figure 4.4 shows the surface roughness variations with flux ratio for codeposition performed on 
Si with 1000 eV Ar+ ions.  Flux ratios of 0.2, 1.0, and 2.0 show similar values to the 500 eV 
results.  The higher deposition samples at flux ratios of 0.1 and 0.5, however, show notably 
rougher surfaces, though no clear correlation between roughness and flux ratio or deposition rate 
is observed.  Again, no ordering of features occurs on any sample.   
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The above two experimental sets were then repeated with sample irradiation performed with O2+ 
ions for the purpose of oxidizing the deposited Zn.  The deposition ion beam impingent on the 
Zn target remained Ar+ to minimize the potential of continually oxidizing the surface and 
reducing the target sputter yield.  The chemical effects of O2+ compared to Ar+ are analyzed in 




Figure 4.5: AFM scans of Zn codeposition on Si, deposition with 500 eV Ar+, sample irradiated with 500 
















This data shows far less dot formation than previous sets.  The highest deposition rates show 
rough surfaces with a few dots forming as seen in images A-D.  These also show what may be 
extremely early ripple formation, as can be seen in the vertical lines in images A and C.  The 
highest density of dot is again seen at a flux ratio of 0.5 in images E-F, with similar features 
forming at lower density at a flux ratio of 1.0.  Images I-J, flux ratio 2.0, show a few larger dots 
~130 nm in diameter surrounded by clusters of smaller features, though they appear to be 
grouped only in one area, with the rest of the sample being extremely smooth.  This may have 
resulted from a physical or chemical surface defect and was not seen elsewhere on the sample.  




Figure 4.6: RMS Roughness over Flux Ratios for 500 eV O2+ Codeposition on Si 
 
Codeposition of Zn on Si with 500 eV O2+ irradiation shows a more clear relationship between 
surface roughness and the flux ratio.  Here, surface roughness is shown to decrease with 
increasing flux ratio.  Higher Zn deposition is shown here to result in rougher surfaces, 
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regardless of clear feature formation, with increasingly smoother surfaces forming with 
decreased deposition.  The next experimental set repeated the above conditions with O2+ ion 




Figure 4.7: AFM scans of Zn codeposition on Si, deposition with 1000 eV Ar+, sample irradiated with 

















The increase in energy reveals more clear feature formation over flux ratios compared to the 
previous 500 eV O2+ set.  Image A shows what appear to be precursors or early stage dots that 
are visible, but are very small and not clearly defined.  Moving from a ratio of 0.1 to 0.2 in 
images C-D, more defined dots have formed but are very low in density.  Both samples also 
show ripple formation with wavelengths ~20 nm.  Next, at a ratio of 0.5, images E-F show a 
much high density.  At a ratio of 1.0, a lower density of more developed dots is seen, with the 




Figure 4.8: RMS Roughness over Flux Ratios for 1000 eV O2+ Codeposition on Si 
 
As seen before, the highest Zn deposition results in the roughest sample.  As the flux ratio is 
increased toward 0.5 where a high density of features is observed, the samples are continually 




Several clear trends can be seen in the above data sets that highlight the effects of the deposition 
and irradiation ion flux ratios.  First, at the lower flux ratios (and consequently higher deposition 
rate within each data set), very few or no individual surface features are seen to form.  This could 
be a result of high enough deposition that a Zn film fully covers the Si surface.  At higher flux 
ratios, there is relatively lower Zn deposition and individual dots are shown to form.  These are 
believed to result from the coalescence of the deposited Zn, driven by the energy imparted by the 
irradiating ion beam.  The drop in density at higher ratios would then be a result of less Zn being 
present.  Among all four sets that analyzed the effects of flux ratio, surface morphology appears 
to shift dramatically at a ratio of 0.5 from a randomly rough surface to one that shows clear dot 
formation.  This will be further addressed in Chapter 6, which analyzes the chemical composition 
of the surface. 
 
4.2 Energy Effects on Surface Morphology 
The energy of ions incident on a material surface is another parameter that is both easily 
controlled and commonly used to tune modification methods.  Increasing ion energy not only 
increases the total energy deposited on a surface, but also the ion penetration depth and energy 
distribution.  For the codeposition setup, this affects both Zn deposition and substrate sputtering 
as shown in the simulations in Chapter 3.  Notable differences from the results in Section 4.1 are 
thus highlighted below as related to the ion energy. 
 
First, samples were irradiated with Ar+ at 500 eV and 1000 eV at a number of flux ratios.  Those 
exposed to 1000 eV ions generally resulted in a higher density of larger, more clearly defined 
features compared to those exposed to 500 eV ions.  This can be clearly seen at flux ratios of 0.1, 
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0.5, and 2.0.  Images on the left in Figure 4.9 below show the 500 eV samples and those on the 
right the 1000 eV samples.  The lowest flux ratio samples, images A and B, show very similar 
surface morphology, but with greater height variation at 1000 eV.  This is again seen at a ratio of 
0.5 in images C and D.  Finally, images E and F show that at the highest flux ratio the same 




Figure 4.9: AFM of Codeposition on Si surfaces with Ar+ irradiation with A) 500 eV, 0.1 flux ratio, B) 
1000 eV, 0.1 flux ratio, C) 500 eV, 0.5 flux ratio, D) 1000 eV, 0.5 flux ratio, E) 500 eV, 2.0 flux ratio, F) 







Figure 4.9 (cont.) 
 
Similar results can be seen by comparing the samples irradiated with 500 eV and 1000 eV O2+.  
This is most clear with the 0.5 and 1.0 flux ratios. 
 
Figure 4.10: AFM of Codeposition on Si surfaces with O2+ irradiation with A) 500 eV, 0.5 flux ratio, B) 






Figure 4.10 (cont.) 
 
The effects of increasing energy on the size and density of dots created on the Si surface include 
an increase of both feature size and density.  This could be a result of greater Zn deposition from 
a greater target sputter yield, though this is not straightforward since the increase in ion energy 
also increases the sputter yield from the sample surface, effectively increasing both the 
deposition and removal rates.  The simulations from Chapter 3 address this issue.  The modeled 
interaction of the Zn target shows that increasing the ion energy from 500 eV to 1000 eV 
increases the sputter yield from 6.47 atoms/ion to 10.38 atoms/ion.  The sputter yield from the 
modeled sample surface, however, only increases from 5.26 atoms/ion to 7.46 atoms/ion.  This 
lesser increase should indicate that at higher energies there is an overall increased deposition, 
leading to the shown effects of energy on surface morphology.  XPS results, however, show that 





4.3 Fluence Effects on Surface Morphology 
The final experimental parameter that is varied for codeposition of Zn on Si is the total fluence.  
All previous experiments are defined by an end irradiation fluence of 1E17 ions/cm2, with the 
depositing beam fluence varied by the flux ratio.  Literature has shown that irradiated surface 
evolve over time, and thus the results presented so far only indicate a single point during the 
evolution of the surface morphology.  To examine this effect, two experiments were performed 
wherein codeposition was performed on Si with 500 eV and 1000 eV O2+ irradiation with a flux 
ratio of 1.0 and a final fluence of 5E17 ions/cm2.  Figure 4.11 below compares the surfaces of 
both fluences at 500 eV. 
 
First, a higher density of dots is shown to form at the higher fluence, suggesting that the surface 
of the sample that was stopped at 1E17 ions/cm2 had not reached an equilibrium state at the time 
the experiment ended.  More significantly, however, is the evolution of the entire surface around 
the dots.  Ripples with a very small wavelength are clearly distinguishable.  Scans were repeated 






Figure 4.11: AFM scans of Zn codeposition on Si, deposition with 500 eV O2+, sample irradiated with 
500 eV O2+ to 1E17 ions/cm2 (A, B) and 5E17 ions/cm2 (C, D) with a flux ratio of 1.0 
 
Next, the same comparison of 1E17 ions/cm2 and 5E17 ions/cm2 is made for 1000 eV O2+ with a 
flux ratio of 1.0.  Here, there is not a significant difference in the size or density of dots formed 
over the surface, as seen in Figure 4.12.  Ripple formation is again observed when the sample is 
irradiated to a fluence of 5E17 ions/cm2 that was not seen before.  These were also confirmed by 
repeating the scan with a 90° rotation.  The wavelength of the ripples is slightly larger in this 








Figure 4.12: AFM scans of Zn codeposition on Si, deposition with 1000 eV O2+, sample irradiated with 
1000 eV O2+ to 1E17 ions/cm2 (A, B) and 5E17 ions/cm2 (C, D) with a flux ratio of 1.0 
 
These results are significant as they agree with other published work on the irradiation of Si.  
Normal incidence irradiation of Si has been shown to not result in any pattern formation unless a 
threshold amount of impurity is present, leading to instability during irradiation.  It is noteworthy 
that neither 500 eV nor 1000 eV cases form ripples at 1E17 ions/cm2, yet both do at 5E17 
ions/cm2.  This is indicative that both experimental parameter introduce enough Zn to lead to 
pattern formation, which is not surprising since work has shown that this threshold is typically 
very small, typically <5% [74].  Ripples are thus only seen at the higher fluence because the 








The effects of total fluence and energy on surface roughness are shown in Figure 4.13.  While 
the increase in roughness between 500 eV and 1000 eV for 1E17 ions/cm2 fluence can be 
attributed to the drastic difference in dot formation, the roughness for both energies at 5E17 
ions/cm2 fluence is a combination of the dot and ripple patterns. 
 
Figure 4.13: RMS Roughness of Zn Codeposition on Si Highlighting Fluence and Energy Effects 
 
The effects on feature density, however, are much more clear.  Figure 4.14 shows that for both 
1E17 and 5E17 ion/cm2 fluence, the ion energy variation results in not only very similar changes, 
but also nearly identical values of density.  This shows that ion energy is a significant factor in 
controlling density of the dot pattern, while fluence has little effect. 
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Figure 4.14: Feature Density of Zn Codeposition on Si Highlighting Fluence and Energy Effects 
 
4.4 Conclusions 
This work has shown that codeposition of Zn on Si is a viable method of creating nanoscale dots 
over a relatively large area.  All three studies have shown that, in this setup, ion beam flux ratio, 
energy, and fluence are significant factors in controlling surface morphology.  While this control 
is limited to dot formation, a variety of dot sizes and densities have been demonstrated.  This is 
further elucidated in Chapter 6 with chemical analysis. 
 
The flux ratio is shown have a particularly significant effect on surface morphology, with both 
too high and too low of ratios resulting in little to no dot formation.  In the case of Zn and Si, a 
ratio of 0.5 seems to be the most effective at creating surfaces with a high density of well-defined 
dots.  This can be seen in Figure 4.15, where all but one data set has a sharp increase in feature 
density at the 0.5 flux ratio. 
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Figure 4.15: Feature Density on Si from Zn Codeposition 
 
Less well defined, but still significant, is the effect of flux ratio on surface roughness.  This data 
is compiled in Figure 4.16.  Though not true in every case, samples are generally shown to be 
rougher at low flux ratios and smoother at higher ratios, which have lower deposition rates. 
 
Figure 4.16: Surface Roughness from AFM of Si from Zn Codeposition 
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Ion energy is shown to have a strong effect on feature size and density, with 1000 eV creating 
larger, more densely packed dot patterns than 500 eV.  This could be the result of a number of 
effects including higher energy deposition, higher sputter ratios, higher total Zn deposition, 
greater penetration depth, and different energy distributions throughout the surface.  Total 
fluence was shown to not greatly affect the dot patterns, which seem to have reached equilibrium 






CHAPTER 5: CODEPOSITION RESULTS ON PDMS 
 
The results of several experimental parameter sets for the codeposition of Zn on PDMS are 
presented and discussed herein.  These match the work presented in Chapter 4 on Si to make a 
direct comparison between the substrates.  First, the effects of ion irradiation of PDMS without 
deposition are examined as no published data showing the effects on surface morphology could 
be found.  This is necessary knowledge to understand how adding deposition alters surface 
evolution.  The first parameter space in the codeposition and irradiation work follows and 
focuses on the ratio between the beam fluxes/fluences.  As before, this will analyze the relative 
ratio of deposition vs. sputter removal from the substrate.  The effects of ion energy are then 
highlighted.  Following that, results are presented for samples that were irradiated to a 
significantly greater fluence (5 times) to examine how the surface develops at different stages.  
The chapter concludes with a summary of the result of each study. 
 
5.1 Ion Beam Patterning of Virgin PDMS 
PDMS samples were first irradiated with 500 eV and 1000 eV Ar+ ions to a fluence of 1E17 
ions/cm2 to establish the effects of irradiation on surface morphology.  Figure 5.1 shows AFM 
images of a virgin PDMS samples.  This shows an apparently smooth surface, though rougher 
than Si, with RMS roughness of 881 pm.  This is undoubtedly a result of the curing process. 
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Figure 5.1: Virgin PDMS AFM height scans 
 
Unlike Si, PDMS undergoes a drastic change in surface morphology after being irradiated with a 
normal incidence ion beam.  Figures 5.2 and 5.3 show the changes to the surface after being 
irradiated to 1E17 ions/cm2 with Ar+ at 500 eV and 1000 eV, respectively.  
 
 
Figure 5.2: AFM height analysis of PDMS irradiated at normal incidence with 500 eV Ar+ to 1E17 
ions/cm2 
 
Both samples show the formation of a wrinkle pattern on a much larger scale than any features 
created on Si.  The features shown in Figure 5.2 above have wrinkle peak-to-peak distances 
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(referred to as wavelength from here on) of ~550 nm, while those in Figure 5.3 below are ~800 
nm.  The 500 eV sample also shows sharp, straight borders between areas of continuous pattern 
formation, while the 1000 eV sample shows one continuous area. 
 
 
Figure 5.3: AFM height analysis of PDMS irradiated at normal incidence with 1000 eV Ar+ to 1E17 
ions/cm2 
 
Other than Si, the PDMS chain backbone also contains oxygen atoms, with methyl groups 
attached to the Si atoms.  Incident ions do not only break long polymer chains into smaller 
components, but also create a great number of dangling bonds, creating a highly reactive surface.  
Additionally, the surface is originally in a state of tension from the curing process [106].  
Breaking bonds allows the surface to relax, release tension, and reform chains from dangling 
bonds.  This is believed to be the primary mechanism responsible for this surface morphology. 
 
5.2 Ion Beam Flux Ratio 
Adding Zn deposition via the codeposition setup is the logical next step following the 
establishment of PDMS surface response to irradiation.  The ratio of ion beam fluxes is studied 
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at 500 eV and 1000 eV ion beam irradiation with both Ar+ and O2+ (Zn only sputter deposited 
with Ar+).  Again, samples are irradiated to a fluence of 1E17 ions/cm2 with deposition fluence 





Figure 5.4: AFM height scans of Zn codeposition on PDMS, deposition with 500 eV Ar+, sample 
irradiated with 500 eV Ar+ to 1E17 ions/cm2 with flux ratios of 0.1 (A, B), 0.2 (C, D), 0.5 (E, F), 1.0 (G, 



















Figure 5.5: AFM amplitude scans of Zn codeposition on PDMS, deposition with 500 eV Ar+, sample 







This data confirms the initial assumption of the complexities of codepositing on a polymer.  
Similar to the high fluence Si experiments, two patterns have formed on the PDMS surfaces.  
First, there is large-scale wrinkle formation similar to the results of irradiation without 
deposition.  On top of this, some samples show dot formation similar to that on Si.  This data, 
however, shows a variety of permutations to the PDMS wrinkle structure.  Since the only factor 
that varied between these samples is the deposition beam flux, the Zn must play some role in 
altering the wrinkle formation.  Since SRIM is unable to accurately model PDMS due to 
complex chemistry, the actual sputter yield values are not estimated and cannot be referred to, 
but it is assumed that within the range of energies used in this work they will follow the same 
pattern of higher deposition and sputtering rates at 1000 eV compared to 500 eV. 
 
Images A-B in Figure 5.4, and image A in 5.5, show the lowest flux ratio, and thus highest Zn 
deposition.  While the wrinkles still form, they are smaller than the rest of the flux ratios, with 
broader peaks and sharper valleys.  It is theorized that the relatively high level of Zn creates a 
protective barrier here, limiting the penetration depth of ions into the polymer.  Small, very low 
profile dots can be seen on these wrinkles in image B.  Increasing flux ratio shown in C-H of 
Figure 5.4, and B-D of 5.5, show wrinkle patterns similar to the no-deposition results, with only 
the 1.0 ratio samples showing dot formation.  The highest flux ratio of 2.0 shows a higher dot 
density on shorter wavelength ripples. 
 
The creation of the ripple structure results in RMS roughness values orders of magnitude greater 
than seen on Si or the virgin PDMS surfaces, from 100s of pm to 10s of nm.  This is shown in 
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Figure 5.6: Surface Roughness from AFM of PDMS from Zn Codeposition with 500 eV Ar+ 
 
The next data set increases the Ar+ ion energy to 1000 eV, while maintaining the same fluence 
and gas species.  Image A-D in Figure 5.7 below show the results of the lowest flux ratios, 0.1 
and 0.2.  These show the formation of tight wrinkle patterns with no apparent dot formation.  
Image A in Figure 5.8, however, shows that small dots have formed on the 0.2 ratio sample, with 
larger dots shown to be present in the ripple valleys. A flux ratio of 0.5, images E-F, show vague 
wrinkle formation with the same sharp divisions seen in Figure 5.2.  Atop this structure area few 
well defined dots.  Increasing the flux ratio further shows the standard wrinkle structure, with 
dots forming only on the 2.0 ratio sample.  Again, smaller dots can be seen on the wrinkle peaks 
while much larger features can be seen rising from the valleys between them, clearly shown in 






Figure 5.7: AFM height scans of Zn codeposition on PDMS, deposition with 1000 eV Ar+, samples 
irradiated with 1000 eV Ar+ to 1E17 ions/cm2 with flux ratios of 0.1 (A, B), 0.2 (C, D), 0.5 (E, F), 1.0 (G, 

















Figure 5.8: AFM amplitude scans of Zn codeposition on PDMS, deposition with 1000 eV Ar+, samples 
irradiated with 1000 eV Ar+ to 1E17 ions/cm2 with flux ratios of 0.2 (A), 1.0 (B), and 2.0 (C) 
 
Roughness data for this sample set is shown in Figure 5.9.  This seems to follow the same pattern 
as the 500 eV set, with one notable exception in the 0.5 flux ratio sample.  The rest show 
increased roughness with increasing ratios less than 0.5 and slowly diminishing roughness at 
ratios higher than 0.5.  The outlier in this set corresponds to images E-F in Figure 5.7, which did 
not form wrinkle patterns like the others.  The larger plateau regions separated by short, sharp 





Figure 5.9: Surface Roughness from AFM of PDMS from Zn Codeposition with 1000 eV Ar+ 
 
The next data set moves to using O2+ ions at 500 eV and produces some exceptional results.  The 
lowest flux ratios are shown in images A-B of Figure 5.10 and show rougher wrinkles than have 
produced thus far with no dot formation visible in either image.  The lower section of image B 
shows a particularly rough portion of the surface.  Flux ratios of 0.2, 0.5, and 1.0 show an 
interesting pattern in surface evolution.  All three show similar wrinkle formation, with the 0.2 
flux ratio sample having large plateau regions.  Dot formation is of particular significance here, 
with large, clearly defined dots covering the sample surface.  Additionally, a sharp division cuts 
through the sample horizontally and contains a few large features.  The 0.5 flux ratio sample, 
images E-F, shows dots of the same size, but much lower density.  Image E appears to show a 
very high density of poorly defined features that may be early-stage precursors to the larger dots.  
The 1.0 flux ratio sample shown in images G-H, however, shows no dot formation.  The highest 
flux ratio sample shows areas of similar wrinkle formation with some sharp dividing lines.  
Unlike previous samples, the larger wrinkles can be seen to cross these dividing lines, suggesting 
that the wrinkles were already formed when the divisions occurred.  A few clusters of much 
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larger dots (than the lower flux ratios) are also seen.  These are ~170 nm in diameter compared to 




 Figure 5.10: AFM height scans of Zn codeposition on PDMS, deposition with 500 eV Ar+, samples 
irradiated with 500 eV O2+ to 1E17 ions/cm2 with flux ratios of 0.1 (A, B), 0.2 (C, D), 0.5 (E, F), 1.0 (G, 








Figure 5.10 (cont.) 
 
The trend in dot formation seen at flux ratios of 0.2, 0.5, and 1.0 shown in Figure 5.10 are more 





   
  
Figure 5.11: AFM amplitude scans of Zn codeposition on PDMS, deposition with 500 eV Ar+, samples 
irradiated with 500 eV O2+ to 1E17 ions/cm2 with flux ratios of 0.2 (A), 0.5 (B), 1.0 (C) 
 
The lowest flux ratio sample shows the highest RMS roughness of this set, which can be seen by 
the unique rough wrinkle morphology in image B of Figure 5.10.  Figure 5.12 shows that, after 
that sample, the roughness slowly increases with flux ratio, and then diminishes between the 1.0 






Figure 5.12: Surface Roughness from AFM of PDMS from Zn Codeposition with 500 eV O2+ 
 
The energy of the O2+ ions is then increased to 1000 eV for the next data set.  Similar to the last 
set, the lowest flux ratio (0.1) sample, shown in images A-B of Figure 5.13, formed a very rough 
wrinkle pattern with no dot formation.  The 0.5 flux ratio sample, images E-F, also shows a very 
rough surface, this time with no observable wrinkles.  The samples with flux ratios of 0.2, 1.0, 
and 2.0 all show smooth wrinkle formation with no dots on the height images.  Figure 5.14, 
however, shows that the 1.0 ratio sample does form low profile dots.  The 2.0 ratio sample is also 






Figure 5.13: AFM height scans of Zn codeposition on PDMS, deposition with 1000 eV Ar+, sample 
irradiated with 1000 eV O2+ to 1E17 ions/cm2 with flux ratios of 0.1 (A, B), 0.2 (C, D), 0.5 (E, F), 1.0 (G, 




















Figure 5.14: AFM amplitude scans of Zn codeposition on PDMS, deposition with 1000 eV Ar+, sample 
irradiated with 1000 eV O2+ to 1E17 ions/cm2 with flux ratios of 1.0 (A), and 2.0 (B) 
 
Due to the rough large-scale formation on some of the samples in this set, the RMS roughness 
data does not show a clear a pattern.  A generally decreasing trend in roughness with increasing 
flux ratio can be seen in Figure 5.15. 
 
Figure 5.15: Surface Roughness from AFM of PDMS from Zn Codeposition with 1000 eV O2+ 
 
Among these data sets there is little corroborating evidence that the flux ratio plays as significant 




formation is observed, with only the 1000 eV Ar+ sample showing well-defined wrinkle 
formation.  Most of the rest of the data shows dots forming under individual circumstances 
without a clear link to the samples with adjacently higher or lower flux ratios.  The 500 eV O2+ 
set shown in Figure 5.10, however, is one instance that correlates dot formation with ion beam 
flux ratio.  Among the 0.2, 0.5, and 1.0 flux ratio samples in this set dots are clearly formed with 
high density at a ratio of 0.2.  These diminish significantly in density in the 0.5 ratio sample and 
disappear completely in the 1.0 ratio sample.  With the exception of a few outliers, the surface 
roughness among these data sets follows a roughly increasing trend with increasing flux ratio, 
reaching a maximum near a ratio of 1.0, then decreases. 
 
5.3 Energy Effects on Surface Morphology 
The next parameter space that is investigated is the energy of incident ions, comparing 500 eV 
and 1000 eV irradiations.  The increase in energy results in higher Zn deposition, increased 
energy deposition, deeper ion penetration depth, and a different energy distribution.  In the case 
of ion energy for codeposition on PDMS, more differences than similarities are observed.  Figure 
5.16 shows these comparisons between 500 eV and 1000 eV Ar+ irradiations. 
 
The most significant comparison can be made with the 0.1, 1.0, and 2.0 flux ratio samples from 
these data sets.  Images A and B compare 500 eV and 1000 eV ions, respectively, with a flux 
ratio of 0.1.  These show a rougher wrinkle patter at 500 eV and a smoother one at 1000 eV.  
Also, the lower energy case shows some small, faint dot while none are observed at the higher 
energy.  Images C and D show that a flux ratio of 1.0 produces essentially the same wrinkle 
pattern, with low density dot formation occurring at 500 eV and none at 1000 eV.  Finally, with a 
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flux ratio of 2.0, images E and F both show wrinkle and dot formation.  The 500 eV sample, 
however, shows both smaller dots and wrinkles than the 1000 eV sample, with the dots also 
forming with a higher density at the lower energy.  This data suggests it is more likely for dots to 




Figure 5.16: AFM height of Codeposition on PDMS surfaces with Ar+ irradiation with A) 500 eV, 0.1 
flux ratio, B) 1000 eV, 0.1 flux ratio, C) 500 eV, 1.0 flux ratio, D) 1000 eV, 1.0 flux ratio, E) 500 eV, 2.0 






Figure 5.16 (cont.) 
 
The amplitude images for this data are shown in Figure 5.17.  Images C, E, and F in particular 
show a clearer picture of dot formation, while the other show extremely smooth surfaces. 
 
  
Figure 5.17: AFM amplitude of Codeposition on PDMS surfaces with Ar+ irradiation with A) 500 eV, 
0.1 flux ratio, B) 1000 eV, 0.1 flux ratio, C) 500 eV, 1.0 flux ratio, D) 1000 eV, 1.0 flux ratio, E) 500 eV, 








Figure 5.17 (cont.) 
 
The same energy comparison is made among those samples exposed to O2+ ions in Figure 5.18.  
Here those samples with flux ratios of 0.1, 0.2, and 1.0 are highlighted.  Both samples at the 
lowest flux ratio show notably rough wrinkle patterns, with that at 500 eV (A) being slightly 
more tightly folded than the 1000 eV sample (B).  The samples with a flux ratio of 0.2 are 
significantly different.  At 500 eV (C), the surface forms wrinkles with large plateaus instead of 
rounded curves (D).  Additionally, the lower energy induces high-density dot formation while 
none are seen at 1000 eV.  At a flux ratio of 1.0, images E and F show that there is little 








show that there is, in fact a difference.  While the 500 eV sample shows smooth wrinkles, at 




Figure 5.18: AFM height of Codeposition on PDMS surfaces with O2+ irradiation with A) 500 eV, 0.1 
flux ratio, B) 1000 eV, 0.1 flux ratio, C) 500 eV, 0.2 flux ratio, D) 1000 eV, 0.2 flux ratio, E) 500 eV, 1.0 






Figure 5.18 (cont.) 
 
Figure 5.19 shows the height data corresponding to Figure 5.18.  Overall, energy appears to have 
no significant, or at least direct, effect on surface morphology.  At some flux ratios, dots are seen 
to form at 500 eV and not 1000, and at other ratios the opposite is seen. 
 
  
Figure 5.19: AFM amplitude of Codeposition on PDMS surfaces with O2+ irradiation with A) 500 eV, 






Figure 5.19 (cont.) 
 
5.4 Fluence Effects on Surface Morphology 
The final parameter space explored in the Zn codeposition experiments on PDMS is the overall 
fluence.  All samples to this point were defined by a total irradiation beam fluence of 1E17 
ions/cm2, with the deposition beam fluence varying by the flux ratio.  To determine whether 
further surface evolution would occur, samples were irradiated with 500 eV and 1000 eV O2+ 
and a flux ratio of 1.0 to a final fluence of 5E17 ions/cm2.  The 500 eV results are shown in 
Figure 5.20. 
 
Images B and D of Figure 5.20 indicate that the increased fluence had little effect on surface 
morphology.  Both samples show well-defined wrinkle patterns, with image B showing that the 
1E17 ions/cm2 sample had some valleys that are shallower than those of the 5E17 ions/cm2 
sample.  Figure 5.21 shows that some dot formation does occur in the valleys at the higher 
fluence.  This suggests that the surface had not yet reached an equilibrium morphology by a 
C D 
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fluence of 1E17 ions/cm2.  The additional fluence appears to have allowed for the coalescence of 




Figure 5.20: AFM height scans of Zn codeposition on PDMS, deposition with 500 eV Ar+, samples 







Figure 5.21: AFM amplitude scans of Zn codeposition on PDMS, deposition with 500 eV Ar+, samples 
irradiated with 500 eV O2+ to 1E17 ions/cm2 (A) and 5E17 ions/cm2 (B) with a flux ratio of 1.0 
 
Figure 5.22 shows this comparison for 1000 eV O2+ irradiation with notably different results.  
 
 
Figure 5.22: AFM height scans of Zn codeposition on PDMS, deposition with 1000 eV Ar+, samples 






Figure 5.22 (cont.) 
 
  
Figure 5.23: AFM amplitude scans of Zn codeposition on PDMS, deposition with 1000 eV Ar+, samples 








Figure 5.23 (cont.) 
 
Images A-B of Figure 5.22 show that at a fluence of 1E17 ions/cm2 the surface forms clear 
ripples with only small dots.  The dots can be seen more clearly in image A of Figure 5.23.  At a 
fluence of 5E17 ions/cm2, however, features are seen.  Image D and E are both from the same 
sample, but at different locations on the surface.  Other samples were scanned at various 
locations, with no notable difference in morphology.  Image D shows a very high density of 
small features forming on the wrinkles while E shows a lower density of dots with two distinct 
sizes.  Small dots, similar to other samples, are seen to cover the surface.  There are also larger 
dots that only appear in the wrinkle valleys.  The cause of this difference is unknown, but could 
be due to slight differences in deposition based on distance to the sputtering target.  This would 
imply that there is a very fine dependence of dot formation on Zn deposition.  This makes 
identifying precise parameters difficult, while demonstrating that the ability to tightly control 





The codeposition of ZnO on PDMS has demonstrated that a variety of surface morphologies are 
achievable.  In all cases, irradiation is shown to induce relatively large-scale wrinkles on the 
surface.  The effects of codeposition are shown to produce dots in some, but not all cases.  
Among the studies of flux ratio, energy, and total fluence, no one parameter is shown to directly 
control the evolution of dots on the surface.  Flux ratio is shown to have an effect in the case of 
500 eV O2+ at ratios of 0.2-1.0.  Here, a transition was seen from clearly formed dots, to a lower 
density of dots, to a smooth surface that was devoid of features other than the wrinkles.   
 
One very notable result seen in many cases of dot formation on PDMS is the preference of 
formation in valleys.  For samples with smaller dots, they are shown to be created evenly over 
the surface.  Examples of this can be seen in Figure 5.5, image D, Figure 5.11, image B, and 
Figure 5.14, image A.  For samples specifically with a low density of dots, and those with larger 
dots, the preference of valleys is quite clear.  These can be seen in Figure 5.8, images A and C, 
Figure 5.21, image B, and Figure 5.23, image C.  These images are organized in Figure 5.24 for 
direct comparison.  A few samples show a high dot density over the entire sample, but also show 
a preference for valley formation, such as Figure 5.5 image E and Figure 5.11 image A.  
Although deposition should occur evenly over the surface, there is a preference, specifically 
when more material is present, for coalescence to occur in the valley.  This is evidence that it is 
energetically preferable for the deposited, and concurrently oxidized, Zn to gather in these 
regions.  In the valley, the curvature allows the material to form a more spherical geometry, as 
opposed to the peaks, where migrating material is stretched over the curve in a flatter 
configuration.  It is also possible this occurs due to a geometric argument in terms of the 
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irradiating ion beam.  As ions collide with surface atoms, they are imparted with momentum 
inward toward the surface.  This momentum may drive the deposited material away from the 
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CHAPTER 6: CHEMICAL ANALYSIS AND WETTABILITY RESULTS 
 
The analysis thus far has focused on how the processing parameters have affected the surface 
morphology of Si and PDMS under codeposition.  The effects of both Zn deposition and the 
irradiation of the substrates with Ar+ and O2+ ions also resulted in the changes in surface 
chemistry, which are presented here via XPS.  This includes the comparisons of how flux ratio 
affected overall deposition, comparisons of how Ar+ and O2+ interact with the substrates, and 
how these relate to the morphologies shown in Chapters 4 and 5.  Additionally, contact angle 
results are presented.  
 
6.1 Surface Atomic Concentrations After Codeposition on Si 
For each sample, a survey XPS scan was performed that indicated the presence of significant 
peak, as described in Chapter 2.  This is shown in Figure 6.1 for Si that underwent codeposition 
with 500 eV O2+ to an irradiation fluence of 5E17 ions/cm2 with a flux ratio of 1.0.  A number of 
Zn, O, Si, and C peaks can be seen in this.  The presence of C contamination was detected on all 
samples.  This is attributed to analysis being performed ex-situ and a thin film of contamination 
attaching to the surface between removal from the experimental vacuum chamber and insertion 
in the XPS vacuum chamber.  From the work performed here, however, it is impossible to tell if 
C was present during the experiment, and thus could have influenced the experimental results.  If 
it did form after the experiment, this will not only create the C peak, but could also slightly 
diminish the signal from underlying surface atoms, particularly Zn, which is shown to have low 
concentrations.  The discussion of the results will focus on the Zn and O concentrations detected 
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on the surface, but presence of C should not be ignored and is addressed in Section 7.2: Future 
Work.   
 
Figure 6.1: Survey Scan of Si after Codeposition with 500 eV O2+, a final fluence of 5E17 ions/cm2, and 
flux ratio of 1.0 
 
Following the survey scan, region scans were performed on the identified peaks.  These were 
taken more slowly, with lower pass energy, and repeated 10 times to produce smooth average 
peaks for analysis.  Figure 6.2 shows the region scans for the leftmost Zn peaks in Figure 6.1.  
The rough line represents the measured data, while the two smooth lines are expected fittings for 
those peaks identified by CasaXPS.  The area within the peaks was then summed and, after 
correcting for the sensitivity factors of each element based on the library within CasaXPS, used 
to calculate the atomic percent of each identified element.  The complete list of Zn, O, Si, and C 
concentrations found on all samples is presented in Appendix A. 
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Figure 6.2: Region Scan of  Zn Peaks on Si after Codeposition with 500 eV O2+, a final fluence of 5E17 
ions/cm2, and flux ratio of 1.0 
 
Figure 6.3 as it relates to the flux ratio shows the atomic concentration of Zn on Si after 
codeposition.  This data contains a number of interesting details.  First, a higher concentration of 
Zn is shown to be deposited at the lowest flux ratio for most codeposition conditions.  This then 
decreases as the flux ratio increases.  This confirms two important points: first, that the flux ratio 
does in fact control the deposition of Zn and, second, that lower flux ratios result in higher Zn 
deposition while higher ratios result in lower Zn deposition.  Recall that the ratio of fluxes is 
defined as the flux of the substrate irradiating ion beam divided by the flux of the sputter 
depositing beam.  Thus, lower flux ratios correspond to a higher flux impinging on the Zn target 














1050 1045 1040 1035 1030 1025 1020 1015
Binding Energy (eV)
 98 
with flux ratio is generally true, it can be seen to not be universally true.  The case of 500 eV Ar+ 
is of particular note, as it appears to show no trend at all.  This could be due to experimental 
error. 
 
Figure 6.3: Atomic Concentration of Zn on Si after Codeposition Organized by Flux Ratio 
 
At several of the flux ratios, such as 0.1 and 0.5, the Zn concentration is higher for 1000 eV 
codeposition than 500 eV.  At others however, 0.2, 1.0, and 2.0 this is not seen, differing from 
the modeling results that suggest that higher deposition rates should be achieved at 1000 eV.   
 
The atomic concentration of O on Si is shown in Figure 6.4.  Here, a different pattern is seen.  In 
all cases the highest flux ratio results in the highest O content on the surface, suggesting that a 
lower Zn deposition rate has an effect on the sputtering of oxygen.  This could occur if the Zn 
binds with O, forming ZnO and a stronger bond, thus a lower sputter yield.  For both Ar+ and 
O2+, there is a clear increase in O concentration with increasing flux ratio, agreeing with the 
aforementioned argument.  Neither data set at 1000 eV, however, shows this pattern, with Ar+ 
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staying relatively constant up to a flux ratio of 1.0, and O2+ actually decreasing.  This decrease in 
O after O2+ irradiation is particularly unexpected and could be a result of the C contamination.  
 
 
Figure 6.4: Atomic Concentration of O on Si after Codeposition Organized by Flux Ratio 
 
In addition to flux ratio, the total fluence during codeposition was examined by irradiating 
samples to both 1E17 ions/cm2 and 5E17 ions/cm2.  The compositional results for this test on Si 
are shown in Figure 6.5.  Here, after codeposition with 500 eV O2+, the O concentration remains 
relatively constant, while a significant increase seen at 1000 eV.  This suggests that a stable 
surface chemistry was achieved by 1E17 ions/cm2 fluence at 500 eV, while the chemistry was 
still evolving at 1000 eV.  This is interesting in terms of the surface morphology from Chapter 4.  
Figures 4.11 and 4.12 show significant differences between these two fluences.  At 500 eV, the 
surface was still smooth at 1E17 ions/cm2 and developed both dots and ripples at 5E17 ions/cm2.  
At 1000 eV, dot patterns are shown at both fluences, but similar to the lower energy, ripples only 
form at the higher fluence. 
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Figure 6.5: Atomic Concentration of Zn on Si after Codeposition Comparing Fluence 
 
The O concentration for these samples is presented in Figure 6.6.  At 500 eV, where Zn 
concentration was stable, the O concentration actually decreases significantly.  At 1000 eV the 
opposite is seen as both the Zn and O concentrations increase. 
 
 




6.2 Surface Atomic Concentrations After Codeposition on PDMS 
As with Si, a survey XPS scan was first performed on the PDMS samples to identify relevant 
peaks.  This is shown in Figure 6.7 for both a virgin PDMS surface and one that has undergone 
codeposition with 1000 eV O2+ to 1E17 ions/cm2 with a flux ratio of 0.1. 
 
 
Figure 6.7: Survey XPS scans of PDMS showing both a Virgin Surface and after Codeposition with 1000 
eV O2+ to Identify the Relative Peaks, and show how surfaces change 
 
After the relevant peaks were identified, they were then scanned more slowly with region scans 
multiple times to produce smooth peaks for compositional analysis.  Two examples of this are 
shown in Figure 6.8.  Image A shows the same two Zn peaks highlighted in Figure 6.2 on Si.  
Image B shows a compounded peak from two Si photoelectrons that are close in energy. 
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Figure 6.8: Region Scans of Zn (A) and Si (B) peaks after Codeposition with 1000 eV O2+ 
 
The compositional analysis of the PDMS sample notably shows a surface stoichiometry that very 
nearly matches the PDMS monomer.  Each monomer contains 1 Si atom, 1 O atom, 2 C atoms, 
and 6 H atoms.  The XPS atomic concentration for the virgin sample showed 22.27% Si, 27.88% 
Si, and 49.85% C.  Hydrogen is not directly detectable by XPS.  It must be considered, however, 
that it is just as likely that contamination formed on PDMS samples between experiment and 
analysis.  This result then may not be entirely reliable in showing the predicted stoichiometry of 
virgin PDMS. 
 
Figure 6.9 shows the Zn concentration on PDMS after codeposition.  As before, there is a 
general trend of decreasing Zn with increasing flux ratio, as expected.  Except for the 0.2 flux 
ratio samples, 500 and 1000 eV O2+ and 1000 eV Ar+ all follow this trend.  Once again, there is 
not a straightforward relationship between energy and species and the surface concentration of 
Zn.  It is quite interesting, however, that the overall percentage of Zn found on the surface of 



































suggest that Zn/ZnO does not bind readily to the PDMS surface and is more easily sputtered.  




Figure 6.9: Atomic Concentration of Zn on PDMS after Codeposition Organized by Flux Ratio 
 
The O concentration for these samples is shown in Figure 6.10.  Again, there is a generally 
increasing trend in O concentration with increased flux ratio, with similar values as those seen on 
Si.  It is again interesting that there is not an increased amount of O in those samples irradiated 
with O2+ compared to those irradiated with Ar+. 
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Figure 6.10: Atomic Concentration of Zn on PDMS after Codeposition Organized by Flux Ratio 
 
In the case of PDMS, increasing fluence from 1E17 ions/cm2 to 5 E 17 ions/cm2 decreases the Zn 
concentration from ~2% to ~1%, as seen in Figure 6.11.  While this does demonstrate a common 
trend between the two energies, it also does not match what was demonstrated on Si and, more 
importantly, represents a very small difference that could easily be attributed to analysis error. 
  
Figure 6.11: Atomic Concentration of Zn on PDMS after Codeposition Comparing Fluence 
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The same analysis for O concentration as it relates to fluence is shown in Figure 6.12.  
Interestingly, both energies again follow a very close trend, this time increasing with fluence.  
Here, the increases are more significant, with a 2.20% increase at 500 eV and 7.91% increase at 
1000 eV. 
   
Figure 6.12: Atomic Concentration of Zn on PDMS after Codeposition Comparing Fluence 
 
6.3 Surface Wettability 
In addition to surface morphology and chemistry, surface wettability was examined to test an 
applicable property of codeposition. Figure 6.13 shows a water droplet analyzed to determine 
wettability.  This is a Si surface on which codeposition was performed with 500 eV Ar+ to a 
fluence of 1E17 ions/cm2 with a flux ratio of 1.0.  Ten images were taken of this droplet, with 
angular measurements taken on both sides in each image, resulting in a calculated contact angle 
of 80.20±2.49°, indicating a slightly hydrophilic surface. 
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Figure 6.13: Water Droplet Contact Angle Measurement on Si 
 
Contact angle data on Si is shown in Figures 6.14 and 6.15.  As a base for comparison, the 
contact angle on a virgin Si sample was measured to be 73.58±0.89°.  To more clearly see the 
data sets, the Ar+ and O2+ data are presented separately.  The Ar+ in Figure 6.14 shows a fairly 
narrow range of contact angles, none of which are drastically hydrophilic or hydrophobic.  The 
500 eV data shows an increase in contact angle (more hydrophobic) with an increase in flux 
ratio, while the 1000 eV results are inconsistent. 
  
Figure 6.14: Contact Angle Measurements on Si after Codeposition with Ar+ 
 
 107 
The O2+ data in Figure 6.15 also shows a general increase in contact angle with flux ratio.  
Compared with the virgin sample, nearly every data point in Figure 6.15 indicates a higher 
contact angle after codeposition.  This would indicate that codeposition performed with O2+ 
induces a measure of hydrophobicity on the surface. 
 
  
Figure 6.15: Contact Angle Measurements on Si after Codeposition with O2+ 
 
The overall increase in contact angle with flux ratio draws a natural connection to the Zn 
concentration data.  These are compared in Figure 6.16.  Although rough, an inverse correlation 
can be seen between the atomic concentration of Zn on the surface and the resultant contact 
angle.  In addition to this connection, the effects of O, Si, and C concentrations, as well as RMS 
roughness, were all investigated in relation to contact angle.  None showed any correlation.  This 
analysis was also performed on PDMS, beginning with Figure 6.17, showing an example contact 





Figure 6.16: Zn Concentration Effects on Contact Angle on Si 
 
 
Figure 6.17: Water Droplet Contact Angle Measurement on Si 
 
The flux ratio is then evaluated for the resultant contact angle for PDMS as well in Figure 6.18.  
Here, the 500 eV O2+ data again shows that the contact angle increases with increasing flux ratio, 
and thus lower Zn concentration.  The 1000 eV data, however, is unclear, with a fairly 
hydrophobic sample being created at a flux ratio of 0.1, and the rest remaining constant within 
the range of error. 
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Figure 6.18: Contact Angle Measurements on PDMS after Codeposition with O2+ 
 
A significant result shown in Figure 6.18 is the comparison to the virgin PDMS sample, and 
those irradiated with 500 eV and 1000 eV O2+ ions without codeposition, with the codeposition 
samples.  All three that did not undergo codeposition have a contact angle ~104°.  Almost every 
codeposition sample, however, has a contact angle noticeably less than this.  Since Figures 5.2 
and 5.3 show that the morphology of the irradiated PDMS without codeposition has the same 
wrinkle patterns as those with codeposition, yet the same contact angle as the virgin sample, this 
indicates that the presence of Zn on the surface plays a role in the decrease in contact angle and 
move toward hydrophilicity.  This is also demonstrated in Figure 6.19.  Although no clear trend 
between the actual concentration of Zn and the contact angle is seen, all but two cases have a 
lower contact angle after codeposition. 
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Figure 6.19: Zn Concentration Effects on Contact Angle on PDMS 
 
6.4 Conclusions 
Chemical analysis of codeposited Si and PDMS samples yielded interesting results.  
Compositional analysis of Si showed the presence of C on all samples, possibly leading to error 
in both the analysis of other concentrations at the surface and in the morphological evolution of 
the surfaces.  Overall, the flux ratio was shown to control the amount of Zn deposited on the 
surface, with a decrease in Zn concentration with increasing flux ratio.  This was expected as a 
higher ratio means a higher irradiating flux compared to sputter depositing flux.  Increasing the 
flux ratio also increased the O atomic concentration in most samples, and was not shown to be 
sensitive to O2+ vs. Ar+ irradiation.  This is evidence that the atomic concentration of O on the 
surface is determined by ballistic factors and not the chemical reactivity of the impinging ion, as 
Ar and O2 are close in mass.  Contrary to predictions from the SRIM calculations in Chapter 3, a 
higher Zn composition was not seen at higher energies. 
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The XPS analysis of PDMS showed that the virgin sample contained the expected stoichiometric 
ratios that define the PDMS monomer.  This may be misleading, however, since the PDMS 
samples had the same risk of atmospheric contamination as the Si.  Again, a decrease in Zn 
concentration with increasing flux ratio was observed, as well as overall lower Zn concentrations 
compared with Si.  The O atomic concentrations were approximately the same order of 
magnitude as on Si and also showed a vaguely increasing trend with flux ratio.  Increased 
fluence showed a decrease in Zn concentration and increase in O concentration at both 500 eV 
and 1000 eV. 
 
The surface wettability of Si showed an increasing trend with increasing flux ratio, making a 
connection to the Zn concentration.  Among all samples, an increase in Zn concentration is 
shown to result in a decrease in contact angle, or a push toward hydrophilicity.  Though this 
trend is shown, the most hydrophilic sample had an average contact angle of 60.49±4.28°, which 
is not drastically hydrophilic.  The PDMS samples did not show a clear trend in change in 
contact angle related to the flux ratio or the Zn concentration.  The codeposited PDMS samples 
did, however, show more hydrophilic than the virgin sample and the irradiated, but not 
codeposited, PDMS samples.  Since these were shown to form the same wrinkle pattern, the 
decrease in contact angle is likely due to the presence of Zn.  Since dots formed on some, but not 
all samples, and the dots that did form are very low profile, this is likely a chemical and not 
morphological effect.  Also, it is possible that a trend linking the contact angle with Zn 
concentration is not seen due to the relatively low atomic concentration of Zn on all samples and 
that a trend may be observed with even higher deposition rates/concentration. 
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS ON FUTURE WORK 
7.1 Assessment of Results 
This work as evaluated codeposition as a method of synthesizing ZnO nanostructures on Si and 
PDMS.  The effects of flux ratio, ion energy, irradiation fluence, and ion species were studied.  
Analysis techniques include AFM (surface morphology), XPS (surface chemistry), and contact 
angle (wettability).  Surface morphology on Si showed the controlled creation of disordered dots 
~20-50 nm in diameter.  In terms of the flux ratio, the highest (2.0) and lowest (0.1) values tend 
to result in little or no dot formation.  Among the rest of the values, a flux ratio of 0.5 resulted in 
consistently well-formed dots on the surface.  The energy with which codeposition was 
performed was also shown to have a notable impact, with higher energy (1000 eV) tending to 
form larger, more densely packed dots than the lower energy (500 eV).  Finally, the total fluence 
showed two results.  Dots were shown to form with 500 eV O2+ codeposition at 5E17 ions/cm2, 
as well as 1000 eV O2+ codeposition at both 1E17 ions/cm2 and 5E17 ions/cm2.  At the higher 
fluences, however, ripples were also seen, as expected by the normal incidence irradiation of Si 
with an impurity. 
 
The codeposition work on PDMS also demonstrated the ability to create complex surfaces that 
integrate ZnO with the substrate.  First, normal incidence irradiation was shown to create wrinkle 
patterns on the surface at both 500 eV and 1000 eV Ar+ irradiation.  These patterns are similar to 
those seen before created by O2+ plasma immersion.  Like Si, a variety of dots were shown to 
form on the substrate during codeposition.  These were larger than on Si, with diameters ~75-200 
nm.  The ability to form and control these dots was less clear than on Si, likely due to the 
complex chemistry of the polymer.  In one case, the fluence was shown to affect their formation, 
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with a relatively high density of well-formed dots occurring at a flux ratio of 0.2, then a lesser 
density of the same at 0.5, then no dots at a ratio of 1.0 for codeposition with 500 eV O2+.  
Energy did not demonstrate a significant effect on surface morphology, with dots forming on 
some 500 eV and 1000 eV samples, and not on others.  Fluence also did not demonstrate a clear 
pattern, though a higher fluence of 5E17 ions/cm2 did show dot formation that was not seen at 
1E17 ions/cm2 in some cases.  One of these samples did have the interesting result of different 
surface morphologies at different locations, which was not seen in other samples.  Figure 6.23 
shows that at one location on the 1000 eV O2+ sample there is a very rough surface, while at 
another location there are bimodal small and large dots, indicating that a fine control over 
deposition is required to control the creation of dots.  Most notably, in the case of small dot 
formation on PDMS, they appear to form randomly over the surface.  When larger dots are seen, 
however, they show a high preference for the valleys of the larger wrinkle pattern.  It is theorized 
that it is energetically preferable for the deposited material to coalesce in the valleys. 
 
Chemical analysis showed that, for both Si and PDMS, there is a decrease in Zn concentration 
with increasing flux ratio, as predicted.  There is also a notably lower Zn concentration on PDMS 
compared to Si.  The O concentration for both is shown to increase with flux ratio.  Interestingly, 
Ar+ and O2+ did not demonstrate a significant difference in the surface morphology or chemistry, 
suggesting that ballistic effects of the impacting ion are more significant than chemical ones.  
Contact angle measurements were also performed.  While observed changes were not drastic, a 
trend was observed.  On Si, increasing the flux ratio, and thereby decreasing the Zn 
concentration, led to more hydrophilic surfaces.  On PDMS, this trend with the flux ratio was not 
observed, but nearly all samples with Zn from codeposition were also more hydrophilic than the 
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virgin material.  Additionally, there was almost no change in the wettability of PDMS that was 
irradiated, creating the wrinkle patterns, without codeposition compared to the virgin sample.  
This is further evidence that the changes in wettability are due to the presence of ZnO. 
 
Further testing is required to evaluate the usefulness of these surfaces for applications.  The 
wettability study, however, did show that this property is controllable.  Overall, the ability to 
controllably synthesize ZnO nanostructures on both Si and PDMS was successfully 
demonstrated. 
 
7.2 Future Work 
This work provides the opportunity to expand on the understanding of codeposition with metal 
oxides and polymer substrates in a number of ways, the most significant of which is in-situ or, 
ideally, in-operando chemical analysis.  The presence of C on the Si samples is troubling as it 
may have significantly altered the results.  It is impossible to tell with the present technique if the 
C was present during the experiment, or if it became attached to the surface between the 
experiment and analysis.  In-situ XPS would prevent any possible atmospheric contamination 
between the experiment and analysis, while in-operando XPS would allow the surface chemistry 
to be monitored in real time, allowing for the comparison of changes in the peaks relative to each 
other. 
 
Additional chemical analysis techniques could also clarify the results.  A more surface sensitive 
technique, like ion scattering spectroscopy, would probe the first monolayer and provide an 
interesting comparison to the XPS results.  The addition of X-Ray Diffraction (XRD) could also 
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illuminate the crystal structure of the surface and confirm the creation and phase of ZnO, and not 
just the deposition of Zn. 
 
While the results of wettability are interesting and relevant, there are many other techniques that 
should be performed to evaluate the practical use of these materials.  These include biological, 
mechanical, and electronic testing.  Biological testing needs to be performed to determine both 
how the body and bacteria would react to these surfaces.  Mechanical, as well as thermal and 
chemical, testing should be performed to evaluate the stability of the materials in extreme 
environments.  Finally, for applications as sensors, the electronic properties of the surfaces 
should be evaluated and their sensitivity to different molecules. 
 
Finally, while ZnO and PDMS are very promising biomaterials, there are certainly others worth 
investigating.  Additional metal oxides, such as TiO2 and MgO, are of great interest in the 
biomedical community and it would be worth knowing if they behave similarly.  As the world of 
flexible biomaterials and electronics is still in its infancy, there are a number of other flexible 
substrates that are being investigated, including indium tin oxide (ITO) and sustainable materials 
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APPENDIX (A): XPS Atomic Surface Concentration 








[ions/cm2] Zn% O% Si% C% 
Virgin     30.79 54.89 14.31 
O2+ 1000 1.015 1E+17 1.83 20.6 7.89 69.69 
O2+ 500 1.002 1E+17 6.85 44.58 21.86 26.71 
O2+ 500 0.502 1E+17 2.94 45.53 28.19 23.34 
O2+ 1000 0.492 1E+17 7.8 24.49 1.41 66.29 
O2+ 500 2.020 1E+17 0.43 54.62 28.46 16.48 
O2+ 1000 1.968 1E+17 2.94 50.06 23.01 23.99 
Ar+ 500 0.962 1E+17 1.5 42.41 24.44 31.65 
Ar+ 1000 0.943 1E+17 5.47 28.44 9.42 56.68 
O2+ 500 0.986 5E+17 6.48 28.84 9.03 55.65 
O2+ 1000 0.993 5E+17 4.47 38.37 14.72 42.22 
O2+ 500 0.104 1E+17 5.52 22.39 0.39 71.71 
O2+ 1000 0.108 1E+17 17.14 33.48 5.67 43.73 
O2+ 500 0.2020 1E+17 13.82 39.85 12.22 34.11 
O2+ 1000 0.2002 1E+17 0.66 30.56 20.27 48.51 
Ar+ 500 1.945 1E+17 4.81 42.59 21.23 31.37 
Ar+ 1000 1.980 1E+17 2.2 50.52 25.09 22.19 
Ar+ 500 0.202 1E+17 1.26 32 17.67 49.07 
Ar+ 1000 0.204 1E+17 8.54 31.02 14.1 46.34 
Ar+ 500 0.100 1E+17 5.82 33.15 19.56 41.48 
Ar+ 1000 0.100 1E+17 10.49 27.59 10.2 51.72 
Ar+ 500 0.497 1E+17 3.34 35.17 31.14 30.35 


























[ions/cm2] Zn% O% Si% C% 
Virgin    0 27.88 22.27 49.85 
O2+ 1000 1.015 1E+17 2.23 27.81 12.15 27.74 
O2+ 500 1.002 1E+17 1.99 30.82 14.18 22.19 
O2+ 500 0.502 1E+17 2.08 34.34 17.22 46.37 
O2+ 1000 0.492 1E+17 0.26 29.45 21.77 48.53 
O2+ 500 2.020 1E+17 0.17 43.26 23.23 33.34 
O2+ 1000 1.968 1E+17 1.74 44.35 21.69 32.23 
Ar+ 500 0.962 1E+17 0.97 42.66 19.87 36.51 
Ar+ 1000 0.943 1E+17 0.16 27.85 21.96 50.03 
O2+ 500 0.986 5E+17 1.32 33.01 18.09 47.58 
O2+ 1000 0.993 5E+17 0.98 35.72 20.14 43.16 
O2+ 500 0.104 1E+17 2.87 30.86 17.78 48.49 
O2+ 1000 0.108 1E+17 3.15 33.81 17.9 45.14 
O2+ 500 0.2020 1E+17 0.31 27.52 19.29 52.88 
O2+ 1000 0.2002 1E+17 0.66 30.56 20.27 48.51 
Ar+ 500 1.945 1E+17 0.71 40.98 22.23 36.08 
Ar+ 1000 1.980 1E+17 0.15 39.57 22.6 37.68 
Ar+ 500 0.202 1E+17 1.26 32 17.67 49.07 
Ar+ 1000 0.204 1E+17 0.46 31.97 20.14 47.42 
Ar+ 500 0.100 1E+17 0.3 31.31 20.1 48.29 
Ar+ 1000 0.100 1E+17 0.51 30.66 19.32 49.51 
 
 
